
AXIAL DISTANCE FROM THE BURNER IN METERS 

F I G U R E  5. AXIAL TEMPERATURE P R O F I L E S  (1 MWth I N P U T ,  I N L E T  COMBUSTION A I R  TEMP. %8OoF). 
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.FIGURE 17 CENOSPHERE IN A COM FLAME SOLIDS SAMPLE AS VIEWED 
WITH A SCANNING ELECTRON MICROSCOPE, BELIEVED TO 
HAVE ORIGINATED FROM A COAL PARTICLE. 
DIAMETER: 100 prn, DISTANCE FROM BURNER AT WHICH 
SAMPLE WAS TAKEN: 1.07m, MAGNIFICATION: x400. 
(50% FLORIDA POWER AND LIGHT COM, S = 0.53, ICL 
NOZZLE, EXCESS AIR -15!, 1 MW INPUT) 

APPROXIMATE 
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FIGURE 18 €ENOSPHERES IN A COM FLAME SOLIDS SAMPLE AS VIEWED 
WITH A SCANNING ELECTRON MICROSCOPE, BELIEVED TO 
HAVE ORIGINATED FROM COAL PARTICLES. APPROXIMATE 
DIAMETER: 50-100 pm, DISTANCE FROM BURNER: 0.76 m, 
MAGNIFICATION: . x 200) 
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.FIGURE 19 1 CENOSPHERES IN A CON FLAME SOLIDS SAMPLE AS 
VIEMED WITH A SCANNING ELECTRON MICROSCOPE, 

APPROXIMATE DIAMETER: 50-100 urn, DISTANCE FROM 
BURNER 1.07m, MAGNIFICATION x 200) 

BELIEVED TO HAVE ORIGINATED FROM COAL PARTICLES. 
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FIGURE 20 CENOSPHERE IN A COM FLAME SOLIDS SAMPLE AS 
VIEWED WITH A SCANNING ELECTRON MICROSCOPE, 
BELIEVED TO HAVE ORIGINATED FROM A COAL 
PARTICLE. DISTANCE FROM BURNER: 1 -67171, 
DIAMETER AND MAGNIFICATION GIVEN IN PHOTOGRAPH 
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.FIGURE 21 CENOSPHERE IN A COM FLAME SOLIDS SAMPLE AS 
VIEWED WITH A SCANNING ELECTRON MICROSCOPE, 
BELIEVED TO HAVE ORIGINATED FROM A COAL 
PARTICLE. DISTANCE FROM BURNER 1.67111. 
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FIGURE 22 ASH CENOSPHERES IN A CON FLAME SOLIDS SAMPLE 
(SCANNING ELECTZON MICROSCOPE). DISTANCE FROM 
BURNER AT WHICH SAMPLE WAS TAKEN: 4.11 m. 
(50% FLORIDA POWER AND LIGHT COM, S = 0.53, ICL 
NOZZLE, EXCESS AIR -15%, 1 i*;W INPUT) 
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F I G U R E  23 ASH CENOSPHERES I N  4 COM FLAME S O L I D S  SAMPLE 
(SCANNING ELECTRON M I C R O S C O P E ) .  D I S T A N C E  FROM 
BURNER A T  WHICH SAMPLE WAS TAKEN: 4.11 m.. (50% 
F L O R I D A  POWER AND L I G H T  COM, S = 0.53, I C L  
NOZZLE,  E X C E S S  A I R  -15%, 1 M W  I N P U T )  
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CCAWG MEETING AT COMBUSTION ENGINEERING (CE), 
WINDSOR, CONNECTICUT 

(June 23, 1982) 

t 

The following members of CCAWG participated: J. M. 
Be&, C. R. Bozzuto, A. K. Oppenheim, S. S. Penner, L. D. 
Smoot, R. E. Sommerlad, C. L. Wagoner, and I. Wender; DOE/ 
Washington was represented by J. F. Kaufmann. The agenda 
is shown in Table 1. Following an overview o f  work at CE 
and inspection of CE facilities (C. R. Bozzuto), the follow- 
ing topics were emphasized: ash formation and fouling in the 
direct utilization of low-rank (M. Jones, GFERC) and of bitu- 
minous (R. Bryers, Foster-Wheeler Corp.) coals and expzosions 
and fires in coal handling (M. Hertzberg, Bureau of Mines, 
Pittsburgh). L. D. Smoot presented an introduction to environ- 
mental studies and concerns, which will be discussed in greater 
detail during the July meeting of CCAWG at METC. 

The presentation by C. R. Bozzuto (CE) included brief 
mention of (now terminated) studies on coal gasification (5 
tons of coal per hour), work on a sub-scale fluidized bed boiler 
producing 2000 lbs of steam per hour and on a prototype boiler 
(Great Lakes Station) producing 50,000 l b s  of steam per hour, 
various SO2 removal systems, flow-model facilities for scrubbers, 
and an EPRI-funded program on atomization and utilization of coal- 
water mixtures. The utility of experimental, cold-flow modeling 
in preference to numerical studies for multi-phase flows was 
emp has i zed . 

A. Fouling and Slagging 

M. L. Jones (GFERC) discussed direct, low-rank, pulverized 
coal combustion and emphasized the serious problems encountered 
with slagging and fouling. 
alkaline ash adhering to walls (e.g., with North Dakota lignites 

Depending on the coal used, highly 
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Table 1. Coal combustion and application working group meeting 
agenda (June 23, 1982). 

9:oo - 9:15 

9:15 - 9’:30 

9:30-- 11~00 

11:oo - 12:oo 

12:oo - 1 : o o  

1 : o o  - 2:oo 

2:oo - 2:45 

2 ~ 4 5  - 5:30 

Getting Organized 

Introduction 

Tour of Facilities 

Utilization o f  Low-Rank 
Coals 

Lunch 

Ash Formation and 
Fouling 

Environmental Concerns 

Explosions and Fires 

C. R. Bozzuto [Combustion 
Engineering, CE) 

M. Jones (Grand Forks 
Energy Technology Center , 
GFERC) 

R. W. Bryers (Foster-Wheeler 
Corp. , FW) 
D. Smoot (Brigham Young 
University, BW) 

M. Hertzberg (U.S. Bureau 
o f  Mines, Pittsburgh, BMI) 
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or subbituminous coals) or ash with high SiOz contents (e.g., 
with Gulf lignites) are produced. Low-rank coals contain sub- 
stantial amounts of moisture (30 to 45% in lignites and 10 to ' 

25% in subbituminous coals), are non-caking, have relatively 
low heating values (%6,500 Btu/lb) and sulfur contents (%0.6% 
for subbituminous coals, %l.O% for lignites), produce highly 
variable alkaline ash, and have relatively high organic oxygen 
contents. The benefits of chemical additives (e.g. limestones 
or dolomites) and of physical control agents (e.g., vermiculite) 
in reducing ash fouling are under investigation; about 1 to 1.5% 
of the total fuel flow rate is typically added as limestone. 
Representative performance studies on a 220 Elwe, wall-fired, 
utility boiler with low-rank coals showing 6 - 8 %  of Na in the ash 
allowed full-load operation for only about two weeks, whereas 
about one year o f  operation is anticipated with the use of lime- 
stone at full load. It is known that substantial boiler dera-. 
ting and the use of low peak temperatures (?lOOO°C) will reduce 
slagging. Experimental studies are in progress (e.g., at Foster- 
Wheeler) to determine temperature levels below which fouling and 
slagging are substantially reduced. Critical issues relate to 
ash-deposition rates and deposit-tenacity correlations, which 
have been investigated for low-ash Montana subbituminous coal 
and high-Na lignite from Australia. A major data collection 
and consolidation effort has been initiated and will include 
data from laboratory, pilot and field studies. The cost to 
utilities from fouling and slagging has been estimated to be 
$8x106/yr in the operation of a 500 MWe facility. For low-rank 
coals, fundamental data are needed on (a) reactions of inorganic 
species in flames, (b) coal dust-air combustion in laminar and 
turbulent flames, (c) determinations of alkali metals in samples 
of particulates, (d) chemical analyses of fouling deposits. Re- 
search recommendations derived from a recent workshop have been 
classified as "highest priority" [see Table 2) and "lower prior- 
ity" (see Table 3). 

, 

< 
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Table 2 .  GFERC research recommendations on low-rank coals (LRC) 
of "highest priority." 

A. Basic Research - 
~- ~ 

From LRC Studies 

Classification of standard 
low-rank coal samples; reaction: 
between alkali materials and 
sulfur.; compositions and char- 
acteristics of ashes and slags 
from low-rank coals and peats. 

B. Combustion Research 

~ -~ 

From Workshop on Basic Coal 
Science 

Metkods for the determina- 
tion of macerals (petro- . 
graphic characterization); 
standard low-rank coal sam- 
ples; organic structure of 
low rank coals; distribu- 
tion o f  inorganics; devola- 
tilization reactions; mois- 
ture determinations. 

~ 
~ ~ ~ ~ ~ ~ _ _ _ _  

Ash fouling and slagging mechanisms; control of fouling and 
slagging with additives; direct ignition of pulverized coal 
without oil; determination o f  the thermal properties (emissi- 
vities and absorptivities) of ash at high temperatures; deter- 
mination o f  the form and distribution of inorganic constitu- 
ents; sulfur retention on ash as a function of ash composition 
and operating parameters, including combustion modifications 
for low NOx; on-line measurements of fouling and slagging 
(full-scale and pilot units) and correlation with fuel char- 
acteristics and operating parameters;. mechanisms o f  ash foul- 
ing; evaluation and use of additives to reduce fouling and 
slagging; corrosion rates for low-rank coals as a function of 
ash composition, metal temperature, and metal type. 
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From LRC Studies 

Surface characteristics of low- 
rank coals and peat fines;kine- 
tics and reaction mechanicsms 
of LRC and their chars withHzO, 
Hz, CO, and COz. 

Table 3. GFERC research recommendations on LRC of "lower 
priority." 

From Workshop on Basic Coal 
:Sciences 

Withi-n-seam variability of 
mineral distribution; surface 
cliaracteristics and properties; 
high-temperature oxidation. 

A. Basic Research 

- 
B, Combustion Research 

Improved boiler cleaning procedures; temperature limitations vs. 
boiler corrosion; improved stoker furnace for small-scale appli- 
cations; devolatilization and carbon burnout characteristics and 
the effect of bprner/furnace modifications for NOx control; 
probe testing of burners on full-scale boilers to provide input 
data for furnaces; assessment of fouling and slagging leading to 
improved guidelines for preparing boiler specifications; a 1-5 
TPH, PC-fired test facility to study fouling and slagging at lar- 
ger scale than in the present pilot units; effects on boiler 
tubes of using water blowers to clean low-rank coal boilers and 
determine factors controlling blower effectiveness; fluidized- 
bed combustion; low-rank coal/water slurry combustion and low- 
rank coal/oil slurry combustion; improvements in cyclone firing 
of LRC; effective SOx/NOx and particulate controls for smaller 
industrial stokers operating on LRC; development of more reliable 
flame*.scanners, more reliable instruments to measure furnace flue 
gas temperatures, and cheaper and more reliable, continuous SO2 
analyzers. 

..- 
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R. Bryers (FW) presented a comprehensive overview of 
information derived on fouling and slagging from pilot and 
full-scale units and correlations with predictive indices in 
conventionally-fired steam generators. This presentation is 
reproduced in full in.Table 4. Particularly noteworthy are 
the interesting observed differences between elementary com- 
positions of coals and corresponding slag samples. While a 
wealth of empirical information has been collected and control 
measures are necessarily implemented when slagging and fouling 
require remedial measures in operating boilers, fundamental 
understanding is limited with regard to each of the following 
basic problems: (a) the relation between measures taken for 
coal beneficiation and slagging and fouling, (b) the extent 
to which deleterious depositions can be controlled by’aero- 
dynamic measures, (c) the quantitative relations between coal 
mineral contents and the physicochemical processes that lead 
to slagging and fouling, (d) the roles o f  ash loadings and 
particle-size distributions in deposit formations, (e) the 
mechanisms involved in selective depositions of minerals, (f) 
predictions and verifications o f  deposit compositions and 
their spacial variations, (g) the nature of the aging processes 
of the deposited materials, (h) the phase behavior and phase 
changes of deposits with temperature variations, (i) the 
strengths and durabilities of deposits and their stabilities 
to soot blowing and removal attempts. 

tion of fireside deposits are being evaluated, an adequate and 
well integrated fundamental research program remains to be 
developed, Fundamental studies on ash deposits and corrosion 
should be performed, even though the demonstrable connection 
between these studies and control in large boilers remains to 
be made. The members of CCAWG judge the currently funded ef- 
forts on fundamental studies in these fields to be inadequate 
in view of the economic importance of reliable performance of 
(large) boilers to utilities and industrial users all over the 
world. 

While the costs and penalties associated with the produc- 

AB-112 



7 

Table 4. The viewgraphs shown by R.W. Bryers (Foster Wheeler 
Corp.) in his discussion of slagging and fouling. 

All the preaction indices are based on composite coal ash. None of the indices 

take i n t o  account: 

0 Tlie heterogeneity of the coal ash by size and gravity 

e The r e l a t i o n s h i p  of mineral fo- t o  each other and the variation in mineral 

composition vith coals 

e The effects of ash loading on.deposit formation 

0 The relatianship of BISS transport mechanism on d e p o s i t  formation 

e Selective deposition within the steam geaeratos 

Variation in composftfon of the deposit  10 it  i s  l a i d  down cw. the tube sur-. 

face and aged vith timr 

* The impact of the chemistry on operating variables  aud design v a r i a b l e s  - other than the furnace cdt temperature 

e Ouly a madest effort hu be- d i e t e d  at idtotifying minor me.Lts.formcd be- 

low the d e t e t r a b l e  limits associated with ash fusion cones. Such minor molts 

CYEI b e  respons ib le  for i n i t i a l  sticking o f  ash which precludes the massive 

buKd-up 

8 Sintering strength on deposic removal. by soot bLowing. 

Pitfalls s t i l l  remain in  analyzing the true concentration levels of certain 
2. 

e L m t s .  

certain. 

T& r d i a b f l i t y  of predicting quantitatively the minerds present is un- 

p e r m i t t b g  b e t t e r  diagnosing of 
# 

Real t i m e  Pusurement of ash composition 

problem and b e t t e r  q u a l i t 7  control of the fuel are just b e g b a i n g  to receive atten- 

tion. 

Modeling the bthrvior of ash in the flsrnace & terms of its f u s i b i l i t y  and t h e /  

temperature h i s t o r y  has received l i t t l e  attention. 

L i t t l e  a t t e n t i o n  has been pa id  to the econondcs of f i r e s i d e  d e p o s i t s  or the 

impact of b e n e f i c i a t i o n  and its cost on f i r e s i d e  d e p o s i t s .  

AB-113 



\ 

Table  4, xzontinued- 

100, 

90 

80 

L L '  
Q 

Q 

Ir(rpmmtn c4.i Remar&, Im 6Omcl . .  

Pyritic Sulfup Redudion at 1.60 Spscifis Gravify as 
Retaied to Nominal Topdm af Coerl 

/ 

. .  
AB-114 

8 



Table  4, ‘continued 

Comparison o f  Coal Ash and Slag Deposit Formed 
From a South African Coal 

Coal S1 ag 

SiO,  . 48.4 46.4 

A1 20, 25.2 27.8 

TiO, 1.5 1.7 

Fe2Oa 1.8 4.1 

E l  ement a1 Anal ysi s - 

CaO 14.2 12.2 

2.1 2.4 M g O  

Na20 3.2 1.9 

.. 

K *o 0.5 0.5 

4.6 <0.1 

p20, 0.7 0.8 

I. 

9 
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Table  4, continued 
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Table 4, continued 

TEMPERATURE DIFFERENTIAL I°C/IN 

t I D II I 1 B 1 1 1 I 

1 
-L m e 
3 
I- 

w 
0 
0 

P 
0 
0 

ul as 
B 
38 
m 
W 

C O  = rn 

0 

%I 
0 
0 

OD 
0 
0 

w 
0 c 

- 
c c c 

- - 
C 
C 

d ,0091 1 

I 
0 

0 

0 
I 

c 

0 c 

m 
2 I I 

I 

0 
l l  
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Table 4, continued 

Comparison of Ash Chemistry of Coal and Slag 

Element as an Oxide 

Si02 

CaO 

Na20 

K 20 

so, 

Ash Fusion: 

Reducing/Oxidizi ng 

Initial Deformation 

Softeni ng (Sph . ) 
Softening ( H e m . )  

Fluid 

Coal - 
31 .a 
13 .a 
0.5 

8.8 

20.0 

3.5 

0.6 

1 .o 
13.3 

0.5 

2075/2160 

2131/2236 

2 172/2360 

2768/2395 

Sl aq 

66.0 

10.3 . 

0.3 

4.5 

16.8 

1.9 

0.3 

1.1 

0.1 

0.1 

2010/2060 

2020/2070 

2035/2090 

2 ia0/2250 

i 

r .  

f 
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' -Tab le  4, continued 

Compositions of the Slag Sample From a Wall Tube oT the Furnace 
AfteP F iy ing  Po l i sh  Coal 

Elementary Composition (Ut%): 

I .  1 3 Coal 2 - - - 
SiO, 24.59 63.01 64.29 45-55 

A l  20, 10.13 13.70 14.11 20-30 

Fe20, 56 . 30 8.46 8.57 7-1 2 

CaO 2.87 3.15 2.96 5-8 

MgO 2.57 2.44 2.45 3-5 

L O  1.98 1.94 2.20 1.5-2.5 

Na,O 1.21 0.67 0.66 0.3-1 .O 

SO3 3.12 0.29 1 -5 - 0.23 - 
102.77 93 e 54 95.53 

Main Compounds : 

1 .  2 and 3 

Hematite, Fe,O, 

Anhydrite, CaSO, Anorthite, CaOoA1,0,*2Si0, .. 

S i l i c a t e  Glass Magnetite, Fe,O, 

S i l i c a t e  Glass Quartz, SiO, 

Hematite ( t races) ,  Fe,O, 
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Table 4, continued 

Compositions o f  the Sl  ag Sampl e From the Noncool ed Brickwork Mal 1 
i n  the Lowest Part of the Furnace After F i r i n g  Polish Coal 

Elementary Composition (Ut%): 

3 Coal - 2 - 1 - 
SiO, 52.17 54.55 53 a 78 45-55 

A1 20, 18.73 16.05 17.88 20-30 

Fe20, 12.54 11 e24 12.34 7-12 

CaO 6.16 5.36 6.01 . 5-8 

MgO 3.93 3.35 3.70 3-5 

K 2 0  1.74 1.61 1.72 1.5-2.5 

Na,O 0.54 * 0.36 0.42 0.34 -0 

0.25 1-5 - 0.20 
96 . 24 92 . 72 96.10 

- 0.43 so, - 
Main Compounds: 

Sil icate Glass 

Quartz, SiO,  

Anorthite, CaOOA1 *2SiO, 

Magnetite, Fe,O, 

Heaatite, Fe,O, (traces) 
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Table 4, continued 
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Table 4, continued 
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Table 4, continued 

COMPARISON OF GASIFIER DEPOSIT WITH RAW COAL 

ELEMENT 

SI02 

AL203 . 

TIOZ . 

FE203 

CAO 

MGO 

NA2O 

RAM COAL DEPOSIT 
- 

38.0 

32.5 

10.77 

3874 

17.7 

5 . 5  

0 

<O 

5 

1 

2.1 

2.0 

73875 

5 2 1  

0.30 

--- 

6.20 
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Table  4, continued 

-- - . ----I -_ _-__ 
Comparison of Ash Chemistry of Slag from a Steam Generator and Gasifier 

with Ash Chemistry of -40 Mesh/+100 Mesh, -2.85 Gravity Fraction --_------- .-_- .-..--- - 

Chemical Constituents 

ash Fusion 
r q e r a t u r e s  ( 'PI 

Reducing Atmosphere 

Iait id Defamation 

Softening (Sgh.) . 

softening (-1 
Iusiorr 

3xidizing Atmosphere 

Init ial  Deformtion 
Softenhg (Sph.) 

Softeahg (Hem. 
F U S ~ Q E ~  

S l a g  
(Inside 
Layer) 

6.9 

8.9 

0.2 

79.2 
1.3 

1.0 

1.8 
0.2 

I .D.  
l7.D. 

2400 

2560 

2800 

280 0 

2680 

28QQ+ 
2800+ 

2M3W 

Slag 
(Outs <de 
Layer)' 

19.5 

8.5 

0.3 

n . 7  
2.5 
1.3 

2.6 
0.4 

BOD . 
l7.D . 

2100 

2180 

2250 

2340 

2680 

2800+ 

2800+ 

2800+ 

+Sample fused i n  crucible during ash-. 
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Ash. Chemistry 
-40 +lo0 

4.9 
2. a 
0.1 

86.3 

0.1 

0.8 

1.4 
0.2 

B.D. 
I.0. 

2288 

2330 
-2320 

24Qo 

2800 

2800 

zaoo 
2800 

Ash Chemistry 
(Bulk Coal 
Sample) 

47.9 
30.6 

1.0 

8.3 

3.4 
1.5 
0.2 

1.4 
3.5 

HOD. 

l960 
2340 
2920 

2800 

2020 

2800 

2800 

2800 

Gasifier 
Deposit 

10.77 
3.74 - 

73.75 
5.21 
0.30 - 
- 
6.20 - 
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I T ab le  4, continued I 
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I I Table 4, continued - 

0 Softening Temperature (M = d/2W) - Reducing Atm. $. ' 
I 

g[ 6, 0 . -  

I \  f 3  - \  i 

I 

i I. I 
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I T ab le  4, continued -- ! 
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I ' Table 4, continued . 

- Pdictior, of softening tempemure for ask fro= lignite and bituminous coois usin' 
he perc tntqe  of basic constituents (BC) and the doiomite tario (CR) as p a r a n n r e  

Figure 7 
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Table 4, continued 
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Table 4, continued 
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Table 4 ,  continued 
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TabJe 4 ,  continued 

Deposition zonas In a coal f i ~ a d  boiler 

. .  
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%. by We ig1; t 
Proximate Analysis 

klois ture 
Volati le  )la t tet 

Fixed Carbon 

&h 

% by Weight 
L'ltimate Analysis 

Ash 

S 

H 2  

C 

N 2  

0 2  

Noisture 

Ash Chemistry 

Si02 

f l 2 0 3  

Ti0 2 

re203 

CaO 

PlgO 

Na2O 

K 2 0  

so3 
1'20 5 

Table 1 Fuel Types (Coal) (References 13 and 14) 

Anthracite * 

11.0 
5.5 

70.5 

13.0 

13.0 

0.5 
1.9 
70.6 

0. a 
2.2 
11.0 

48.0 - 68.0 
25.0 - 44.0 

1.0 - 2.0 
. 2.0 - 10.0 
0.2 - 4.0 
0.2 - 1 .0  
-I 

-- 
0.1 - 1.0 

0.1 - 4 . 0  

Bituminous I ' 

2.0 - 3.5 
19.9 - 35.7 
70.4 - 51.8 

7.7 - 9.0 

7.7 - 9.0 

0 .7  - 2.2 
4 . 3  - 4.8 

80.9 - 72.8 
2.0 - 3.5 
1.5. - 1.5 
2.0 - 3.5 

7.0 - 68.0 

4 .0  - 37.0 

0.5 - 4.0 
2.0 - 44.0 
0.7 - 36.0 
0.1 - 6.0 

0.2 - 3.0 

0.2 - 4.0 

0 .1  - 32.0 

0.0 - 3.0 

- 

Subbituminous 

12.0 - 20.8 
38.4 - 30.0 
63.6 - 43.8 

6.0 - 5.5 

6.0 - 5.4 

0.7 - 0.6 
4.5 - 3.2 
67.6 - 57.6 
2.12- 1.2 

13.0- 11.2 

12.0 - 20.8 

17.0 - 58.0 
4.0 - 35.0 
0.6 - 2.0 
3.0 - 19.0 
2.2 - 45.1 

0.5 - 8.0 
-- 
UI 

3 . 0  - 16.0 

0.0 - 3.0 

Lignite '' 

35.0 - 43.0 
24.3 - 26.8 

4.2 - 8 . 9  

24.4 - 32.5 

4.20 - 8.9 

0.23 - 0.90 

6.90 - 7.4 
35.40 - 41.5 
0.50 - 0.7 

62.20 - 6 8 . 2  

35.00 - 43.0 

6.0 - 45-17 
6.0 - 22.0 
0.0 - 0 . 8  

1 .0  - 18.0 

15.0 - 44.0  

3.0 - 12.0 
0.2 - 12.0 
0 . 1  - 1 . 3  

6 . 0  - 30.0 
0.0 - 1.0 



B. Environmental Concerns 

CCAWG member L. D. Smoot prepared, on very short notice, 
an overview of pollutant issues as an introduction to more de- 
tailed considerations o f  this important topic at later CCAWG 
meetings. He discussed existing federal standards and current 
understanding of the processes involved in the productions of 
NOx, flyash , sulfur compounds, COY hydrocarbons, soot, and 
emissions of trace metals. While current federal standards for 
boilers producing steam to generate more than 7 3  MWe are 0.6 lb 

for subbituminous coals, it is v.iewed as likely that more rigid 
control measures will be imposed in the future. Current limits 
are 1.2 lbs/lO 
of 9 0 %  removal whenever SO, emissions exceed 0.6 lb/10 
Particulates are limited to 0 . 0 3  lb/10 Btu and are not currently 
qualified with regard to chemical composition, although a number 
of investigators have expressed apprehension about the possible 
presence of carcinogenic hydrocarbons and other carcinogenic com- 
pounds on particulate emissions and flyash. 

emissions through combustion modifications that emphasize desir- 
able competitions between NO, formation and depletion processes. 
Studies are in progress on NO, contro'l using staging and combus- 
tion modifications. Removal of NOx by reduction with NH3 is a 
well developed procedure for some gas mixtures, provided the SOx 
concentrations are not excessively high. The oxides of sulfur 
are removed by wet scrubbing and by limestone scavanging; their 
initial concentration levels are reduced by the use of low-sulfur 
coals, by coal cleaning, etc. The formations of particulates 
and flyash may be minimized by coal beneficiation and they may 
be removed from the flue gases by using electrostatic precipita- 
tion and other means. 

of NOx per lo6 Btu for bituminous coals and 0.5 lb of NOX/10 5 Btu 

6 Btu for SO, wi'th the supplementary requirement 

6 

6 Btu. 

A great deal needs to be learned about the control of NO, 
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The following is a listing of some identified problem 
areas: (a) technological implementation to meet future reduc- 
tions in allowable NOx emissions; (b) integrated management 
of boiler feed, boiler operations, and boiler emissions; (c) 
coal beneficiation to reduce pollutant outputs; (d) SO, re- 
moval within the boilers and from the flue gases; (e) improved 
understanding of chemical processes that couple NO,, SO,, HC, 
and flyash productions; (f) chemical nature and possible toxi- 
cological implications of hydrocarbon and trace-metal emissions; 
( g )  modifications of fluidized bed combustors to reduce 
emissions and carbon carryover; (h) the special problems involved 
in the control of emissions from very small combustors.. 

NO, 

C. Coal-Dust Fires and Explosion Hazards 

M. Hertzberg (U.S. Bureau of Mines/PETC) presented a com- 
prehensive overview of work at the Bureau of Mines dealing with 
coal-dust fire and explosion hazards. 
cluded the results of deliberations at a workshop on "Coal Dust 
Fire and Explosion Hazards in Cement Plants, Power Plants, and 
other Surface Facilities," sponsored by the U.S. Bureau of Mines/ 
PETC and held in Denver, Colorado, April 1982. We refer to pub- 
lished articles for a description of these important and con- 
tinuing investigations. 

bility limit (in mg/l) as a function o f  the mean particle size. 
The energy required for ignition has been mapped as a function 
of the lean-limit concentration for various hydrocarbons and 
also for coal-dust dispersions in air. Maps are available show- 
ing flammable and thermally ignitable, flammable but not thermally 
ignitable, and nonflammable regions as functions of temperature 
and particle concentrations for selected coals. In general, the 
probability of explosion is the product of the probability of 
finding a flammable volume and the probability of encountering 

This presentation in- 

Data are available for particular coals on the lean flamma- 
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an ignition source of adequate strength. Flammable mixtures 
are usually encountered in coal pulverizers. Hence, explosion 
avoidance means avoidance of ignition. Nonflammable coal-dust 
dispersions may be created by reducing oxygen concentrations 
below 11% or by the introduction of sufficiently large concen- 
trations of steam, flue gases or other "inerting" materials 
(e&? concentrations of NH4=H2PO4 exceeding about 20-30% of 
the coal-dust concentrations). 

CCAWG discussions concerning the need for basic studies 
to supplement the work at the Bureau of Mines/PETC did not 
lead to definitive conclusions. It is generally apparent that 
operational difficulties can be resolved by intelligent appli- 
cations of knowledge accumulated by M. Hertzberg and his asso- 
ciates. On the other hand, coal-dust explosions do occur and 
represent a hazard not only in coal-mining operations but also 
in the type of coal handling involved in the use of pulverized 
coal in utility and other boilers. For  this reason, improved 
quantitative understanding of fundamental processes may well 
deserve augmented effort, especially with regard to the possible 
importance o f  equipment specifications in defining both flamma- 
bility limits and ignition requirements. 

, 
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AB-4 

CCAWG MEETING AT THE 
MORGANTOWN ENERGY TECHNOLOGY CENTER (METC), 

MORGANTOWN, WEST VIRGINIA? 
(July 1 5 ,  1 9 8 2 )  

1. Zntroduction 

The following CCAWG and - ex officio members attended the 
METC meeting: J. M. Beer, J. Birkeland, C. R. Bozzuto, I. 
Glassman, A. K. Oppenheim, S. S. Penner, R. Roberts, L. D. Smoot, 
C. Wagoner, and W. Wolowodiuk. The EPRI representative was S. 
Drenker. Host institution participants included A. Pitrolo, J. 
S. Wilson, K. Castleton, F. Crouse, W. French, L. Graham, J. 
Halow, A. Hall, J. Hall, L. Headley, K. Markel, J. Notestein, 
J. Y. Shang, D. Waltermire, and J. Williams. The meeting agenda 
is reproduced in Table 1. The morning session was devoted to a 
review and discussion of atmospheric (AFBC) and pressurized (PFBC) 
fluidized combustion of coals and other fuels. Most of the after- 

< noon session-dealt with environmental control and research pro- 

grams. Also included in the afternoon presentations was a dis- 
cussion o f  METC studies dealing with coal-water mixtures. The 
meeting was concluded with a brief tour of METC facilities. 

* 
2 .  Fluidized Bed Combustion 

Complete sets of viewgraphs for all of the presentations 
were furnished by the speakers and are available on request. Here, 
we present a tutorial overview of these presentations. 

'Prepared by S. S. Penner. * 
The proposed FY83 METC budget is $ 6 . 3  x lo6 for advanced concepts 
relating to AFBC ($1 x 106 for advanced low-rank coal studies, 
$1.48 x 106 for an advanced PDU and _components. $ 2 . 3  x106 for ad- 
vanced technical projects chosen in response to RFPs, and 
$1.02 x 106 for in-house projects); a total of $ 1 . 5  x 106 has been 
proposed in support of industrial applications ( $ 0 . 2 5  x 106 each 
for work at Gilbert, E. Stroudsburg, U.S. Navy/Great Lakes, 
Shamokin, Wilkes-Barre, and in-house projects). 

I 
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I Table 1. Agenda for CCAWG meeting at METC (July 15, 1982). 

METC AFB 6 PFB Overview of Activities . . . . . . . . . .  8:OO 
- Introduction - J. S. Wilson 
- AFB Overview - Art Hall - PFB Overview - Floyd Crouse - PFB Modeling - Tom O'Brien 
- Needs in FBC Research - Jerry Shang 

EPRI Overview . S. Drenker . . . . . . . . . . . . . . .  9:30 

MIT FBC Overview . J. Beer . . . . . . . . . . . . . . .  10:15 ! 

Foster Wheeler Overview . W. Wolowodiuk . . . . . . . . .  11:30 
Lunch in Conference Room . . . . . . . . . . . . . . . .  12:OO 

METC Environmental Control Technology Review . . . . . .  12:30 ~ 

- Introduction - Jack Halow - Flue Gas Cleanup Overview - John Williams 
- Hot Gas Cleanup Overview - Ken Markel 
- Needs in Cleanup Research 

- Fundamental Needs - Kent Castleton 
- Modeling Needs - Larry Headley 

METC Review of Gas Turbine Applications of Coal 
Water Mixtures . . . . . . . . . . . . . . . . . . . . .  3:15 

- Overview - Floyd Crouse 
- METC Activities - Debbie Waltermire 

Tour of METC Facilities - Emphasis on FBC, Coal/TVater, 
Cleanup . . . . . . . . . . . . . . . . . . . . . . . .  4:OO 

Leave for Pittsburgh Airport . . . . . . . . . . . . . .  5:OO 
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A. Why Fluidized-Bed Combustion? 

Fluidized-bed combustion offers the following potential 
advantages: fuel flexibility, lower costs for meeting environ- 
mental regulations (by using SO2 clean-up with limestone and 
reducing NO, production), simplicity of operation .(because of 
the absence of sootblowers and slagging) and low maintenance 
costs, reduced size and busbar costs in utility operations, and 
reduced cost sensitivity to the unit size. 

B. AFBC Developments 

Fluidized beds represent a logical evolution in coal-fired 
power plants from the stoker and pulverized coal burner (see 
Fig. 1 for a schematic diagram). Details of representative in- 
dustrial fluidized bed steam generators are shown in Figs. 2 to 

dustrial fluidized-bed combustors represent developed technology. 
On the other hand, the larger units needed for utility applica- 
tions remain to be designed, built, and tested on substantial 

5 and have been reproduced from a paper by R. L. Gamble. 2 9 3  In- 

scales. 
Current programs on AFBC and PFBC encompass process and 

engineering developments and commercial demonstrations. 

' 5 .  Drenker (EPRI), CCAWG meeting at METC, July 15, 1982. 
'R. L. Gamble, "Industrial Fluidized Bed Steam Generation," 

3W. Wolowodiuk (CCAWG) , CCAWG meeting at METC, July 15, 1982. 

ASME Paper 81-IPC-FU-2, The American Society o f  Mechanical En- 
Engineers, 345 E 47th Street, New York, NY 10017. 
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Fig. 2 Georgetown Universi ty  steam generator  (12.6 kg/s= 
1 0 0 , 0 0 0  lb /h)  using AFBC; t h i s  u n i t  was pu t  i n t o  s e r v i c e  
i n  1979 and has operated success fu l ly  wi th  f u l l  automatic 
cont ro l .  An over-bed coal - feed  system [with s tandard  
spreader  feeder  a s  i n  s toke r s  using coal  smal le r  than 
32 mm (1 .25  i n . ) ]  and a n a t u r a l  c i r c u l a t i o n  steam flowZ 
with balanced d r a f t  a r e  used. Reproduced from Gamble. 
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Fig. 3 City  of  E k s j o  (Sweden) hot-water  g e n e r a t o r  which 
normally burns municipal r e f u s e  and wood ch ips  i n  a 
f l u i d i z e d  bed o f  sand a t  an output  o f  5 MWt;  w i th  o i l  
f i r i n g ,  t h e  output  l e v e l  is  r a i s e d  t o  1 0  M W t .  Forced 
c i r c u l a t i o n  i s  used f o r  t h e  water f lows.  
f rom Gamble.2 

Reproduced 
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LAIR PLENUM--- 

Fig. 4 Royal Dutch S h e l l  (Netherlands) steam gene ra to r  
b u i l t  by t h e  Fos t e r  IV?ieeler Corporat ion w i t h  s t a r t -  
up i n  1982. This u n i t  ope ra t e s  on bituminous c o a l  
t o  produce superheated steam f o r  a backpressure 
t u r b i n e  genera t ing  up t o  .6 FIWe whi le  provid ing  
steam f o r  hea t ing  an o i l - t a n k  farm and a s s o c i a t e d  
p ip ing .  The over-bed f eed  system is  s i m i l a r  t o  t h a t  
used i n  t h e  Georgetown f a c i l i t y  (Fig.  2 ) .  Repro- 
duced from Gamble. 2 
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Fig.  5 Idaho Nat ional  Energy Laboratory s a t u r a t e d  steam 
genera tor  [Idaho F a l l s  Idaho (8.5 k g / s  = 67  SO0 lb/ l i ) ]  
f o r  hea t ing  a nuc lea r  fue l -p rocess ing  f a c i l i t y  ( s t a r t -  
up i s  planned f o r  1984). This u n i t  i s  similar t o  t h e  
Georgetown AFBC u n i t ,  except t h a t  space has been pro-  
vided between t h e  f l u i d i z e d  bed and t h e  b o i l e r  i n t a k e  
for t h e  a d d i t i o n  o f  a superhea ter  f o r  cogenera t ion .  
Reproduced from Gamble. 2 
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Significant improvements in process efficiency have been 
achieved by increasing the freeboard 1eng.th above the fluidized 
bed.' 
board length and a combustion efficiency of 88%; a 6-ft x 6ft 
section with an 18-ft freeboard showed 94% combustion efficiency; 
when recycle was added to this unit, the combustion efficiency 
exceeded 99%.' 
bed included tests with bituminous coal containing 4% of sulfur 
and lignite with 0 .5% of sulfur. Limestone was added to effect 
90% SO2 removal. 
coal and 1.5 for the lignite at maximum temperatures of 1550 and 
1450°F, respectively; NOx emissions were controlled in both cases 
at 0.2-0.3 lb per lo6 Btu while successful operatior, was achieved 
with bed load reductions of 2:1, implemented at a rate of l o % /  
minute.' These operational characteristics , together with a re- 
duced number of coal-feed points,arescheduled to be implemented 
by EPRI in a 20 EinV, pilot at the TV.4 in Paducah, Kentucky (with 
demonstration testing beginning in 1988) .' Support studies, in- 
clude the definition of materials suitable for use in the super- 
heater and modeling with predictions of heat transfer and bed 
dynamics.' 
in Fig. 6. 
both reductions and redistributions of coal and limestone feed 
rates. Recycle options include pneumatic injection with solids 
cooling, forced under-bed injection without cooling, and gravity 
injection.' 
o f  100 bllVe boiler units with barge transport to users, a procedure 
that could provide access to 200 GWe of installation capacity 
representing 93% of U.S. 'electrical power demand. 
units may provide turbocharged steam generation (from a boiler- 
cyclone-filter-turbocharger sequence) with the advantage of re- 
duced gas-turbine firing temperature, thereby reducing metallurgi- 
cal demands, simplifying structural design, and allowing reliable 

For example, the Rivesville plant (1972) had a 2-ft free- 

The EPRI AFBC development program on a 6ft x 6ft 

Required Ca/S ratios were 2.0 for the bituminous 

A schematic diagram of the 20 MWe facility is shown 
Load turn-down methods in utility applications include 

A long-range program may involve shop fabrication 

The 100 MIQe 
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f i l t r a t i o n  a t  reduced turbine-generator  speed.' 
ment problems on AFBC deal  pr imar i ly  with combustor performance 
and r e l i a b i l i t y .  

The Foster  Wheeler development program3 has involved per for -  
mance and r e l i a b i l i t y  evaluat ions on an 18- in .  diameter AFBC and 
(see F i g .  7)  on a 20-in. x 20-in. u n i t  (operated f o r . 4 . 5 ~ ) .  Both 
in-bed and over-bed feed systems have been t e s t e d  with f l y - a s h  r e -  
cycle  and NOx con t ro l  (through i n j e c t i o n  and cleanup witn NH3 and 
s taged combustion, which showed t h a t  NOx emissions were smaller  
f o r  smaller  r e s idua l  O 2  l e v e l s ) . 3  The inf luence  o f  f u e l  p e l l e t i -  
zat ion has been s tudied ,  e spec ia l ly  i n  e f f o r t s  t o  achieve improved 
limestone u t i l i z a t i o n .  Cold-model and subcomponent t e s t i n g  , as 
well as  work on PFBC, have been p e r f ~ r m e d . ~  Cyclone recyc le  has 
t y p i c a l l y  been used. 

With in-bed feed,  cont ro l  o f  sur face  moisture was required 
a n d  a.n excessively l a rge  number o f  feed po in t s  was needed (one 
per  16 -25  f t 2 ) . 3  
c u l t  t o  cont ro l  and small f u e l  s i z e s  (0 .S1 '  x 0 )  were required.  

l a r g e r  p a r t i c l e s  (1.25" x 0 )  could be handled, t h e  sur face  m o i s -  
t u r e  problem was absent,  addi t ion  o f  water improved combustion 
e f f i c i ency ,  the required number o f  feed poin ts  was smaller  (one 
per  1 1 0  f t 2 ) . 3  There i s ,  however, a tendency f o r  t h e  f l u i d i z e d  
bed t o  malfunction with improper f u e l  d i s t r i b ~ t i o n . ~  Using a 
spreader-type s toke r  feeder ,  t h e  coa l  throw d i s t ance  i s  6 . 7 0  m 
i n  the  20" x 20" uni t . '  The use o f  f l y - a s h  recyc le  e l iminates  

Remaining develop- 

* 

Fuel d i s t r i b u t i o n  t o  t he  feed p o i n t s  was d i f f i -  
3 

With over-bed feed (see F i g .  2 f o r  an opera t ing  u n i t ) ,  

x 
The f o l l o w i n g  a re  performance f igu res  Eor  t he  20-in. x 2 0 - i n .  
u n i t :  feed r a t e s  of 1 0 0 - 5 0 0  l b /h ,  bed temperatures o f  1300-2100°F ,  
s u p e r f i c i a l  v e l o c i t i e s  o f  4 - 1 2  f t / s ,  1 - 1 0 0 $  o f  excess a i r ,  Ca/S 
r a t i o s  of 0-20 ,  in-bed and over-bed feeds ,  f l y - a s h  recyc le ,  and 
s taged combustion. 
leum coke, I r i s h  Arigria coal, a n t h r a c i t e  culm, coal  and wood waste 
mixtures, p e l l e t i z e d  coal  f i n e s ,  p e l l e t i z e d  s ludge,  and process 
gas. Combustion e f f i c i e n c i e s  ranged from 8 2  t o  98+%.  

Fuels used include Xorth Dakota l i g n i t e  , pe t ro -  

A B - 1 5 8  
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t he  necess i ty  f o r  achieving carbon burn-up i n  the  c e l l ,  improves 
both combustion e f f i c i ency  and s u l f u r  burn-up, and reduces NO, 
emission. Subcomponent t e s t i n g  included work on d i s t r i b u t i o n  
p l a t e s ,  feeders ,  f u e l  s p l i t t i n g ,  pneumatic t r a n s p o r t ,  hot-gas 
t r a n s f e r  ducts ,  and t h e  pneumatic ~ l a s s i f i e r . ~  
but ion arrangement was found t o  be of c r i t i c a l  i m p ~ r t a n c e . ~  
dimensional, cold-flow models were used t o  s tudy  the  e f f e c t s  of 
tubes i n  t h e  bed.3 
r e l a t i n g  t o  the  inf luence of t he  Ca/S mole r a t i o  on t h e  percentage 
o f  s u l f u r  r e t a ined  and mole r a t i o s  g rea t e r  than about 3 were found 
t o  be necessary i n  order  t o  e f f e c t  9 0 %  s u l f u r  removal. Limestone 
s u l f a t i o n  i s  bel ieved t o  be enhanced by hydrat ion (see F i g .  8 f o r  
a model o f  t h i s  hydration process) .  

The a i r - d i s t r i -  
Two- 

Extensive opera t iona l  tests have been perr'ormed 

C .  PFBC Developinents 

The EPRI s t u d i e s  have shown t h a t  FeCrAlY prevents  erosion 
and corrosion by the  PFBC dus t  ( i n  a t e s t  a t  1600°F, 1 1 7 0  f t / s  
f l o w  speed, 1 0 0  ppm o f  dus t  with 5% o f . t h e  p a r t i c l e s  >10um, and 
added Na2SO4. R2S04) .' Program development c i t e d  by Drenker 
involved a 0 . 8  f t 2  bed a rea  t e s t  f a c i l i t y ,  1 . 0  f t  diameter,  a t  
Exxon using a coal-feed r a t e  o f  0 . 1 4  t / h .  This work has been 
followed by t e s t s  performed a t  t he  U.K.  National Coal Board w i t h  
6 f t  bed a rea ,  2 f t  x 3 f t  bed lengths ,  0 .5  t / h  coa l  feed r a t e ,  
5 atm pressure.  Current IEA-sponsored work a t  Grimethorpe ( 2 5  
MI?,, P = 1 0  atm, 1 0 0 0  h of operat ion)  i n  the  UK involves a 4 2 . 9  
€ t 2  bed a rea ,  6 . 5  f t  x 6 . 5  f t  dimensions, and -10  t / h  of coal  
feed. A 1 0 0  We prototype w i l l  have two sec t ions  with 1 9 6  f t  
bed a rea ,  each with 1 4  f t  x 1 4  f t  dimensions, and w i l l  use 2 1  t / h  
of coal  feed i n  each.' 
estimated t o  be 8470 f o r  PFBC, 9640 f o r  AFBC, and 9860 f o r  a con- 
vent ional  pulverized coal  burner;  corresponding c a p i t a l  cos t  
es t imates  ( i n  $/kW,)are 575, 8 2 0 ,  and 9 9 5 ,  while t h e  estimated 

1 

2 

2 

N e t  heat  r a t e s  ( i n  Btu/kWhe) have been 
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Fig. 8 Enhancement of limestone sulfation by hydration; 
reproduced from 1V. Wolowodiuk. 
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e l e c t r i c i t y  .costs ( l e v e l i z e d  f o r  1981-2000 i n  mills/klVhe) a r e  
74 ,  77 ,  and 8 6 ,  respec t ive ly . '  
combined cyc le  PFBC i s  shown i n  F i g .  9 .  

A g r e a t  dea l  of fundamental and development work needs 
t o  be done on t h e  PFBC.4 
7 a t m  p re s su re  i s  being cons t ruc ted  by C u r t i s s  Wright f o r  s t a r t -  
up i n  1983.4 
O W L ,  and METC. 

The conceptual  des ign  o f  a 

A 13 MWt p i i o t  p l a n t  ope ra t ing  a t  

Other s t u d i e s  a r e  i n  p rogres s  a t  NYU, GE, ANL, 
4 

D. RGD Needs on AFBC and PFBC 

Research needs i n  AFBC were d iscussed  by J. El. B e &  and 
J. Shang (METC), while  T.  O'Brien (METC) emphasized model de- 
s i g n  and d e ~ e l o p m e n t . ~  
Crouse (METC) . The identi.fied .REID needs r e f l e c t  t h e  ope ra t iona l  
problems encountered i n  f l u i d i z e d  bed combustors and inc lude  s o l i d s  
handling ( including f i n e s ) ,  design o f  t h e  feeding  system, h e a t  
and mass t r a n s f e r  phenomena, f l u i d i z e d  bed s t a b i l i t y  and dynamics, 
r e a c t i o n  k i n e t i c s  i n  multiphase f l o w  p rocesses ,  F o l l u t a n t  c o n t r o l s  
through in-bed removal techniques,  combustion e f f i c i e n c y  d e t e r -  
minants,  modeling, c o n t r o l  s t r a t e g i e s  , etc .  s Knowledge gained 
from ca tc racke r s  cannot be app l i ed  d i r e c t l y  because t h e  p a r t i c u -  
l a t e  s i z e s  involved a r e  gene ra l ly  much ( i . e . ,  about a factor  of 
1 0 )  l a rge r . '  The importance o f  t h e  f reebroad  des ign  on p e r f o r -  
mance has been c l e a r l y  demonstrated and it i s  t h e r e f o r e  appro- 
p r i a t e  t o  cons ider  t h e  s e q u e n t i a l  and i n t e r a c t i v e  phenomena t h a t  
couple t h e  f l u i d i z e d  bed t o  t h e  freeboard.  R e t r o f i t t i n g  o f  e x i s t -  
ing  s t o k e r - f i r e d  b o i l e r s  r e y r e s e n t s  a s p e c i a l  cha l lenge .  The use 
o f  col0-f low models as a p r e d i c t i v e  performance t o o l  r e q u i r e s  
q u a n t i f i c a t i o n .  

RFTD needs i n  PFBC were d i scussed  by F .  

4F. Crouse (EIETC), CCAI?G meeting a t  METC, ;uly 1 5 ,  1932. 
'CCRWG meeting a t  METC, July 1 5 ,  1952. 
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J. M. Beer has i d e n t i f i e d . t h e  following t o p i c a l  a reas  as  
represent ing  research needs r e l a t i n g  t o  t h e  freeboard i n  AFBC: 
(1) entrainment o f  s o l i d  p a r t i c l e s  f rom the  bed and t h e i r  
e l u t r i a t i o n  from t h e  freeboard,  as a f f e c t e d  by bed operat ing 
condi t ions and freeboard design parameters; ( 2 )  burn-out o f  
CO, hydrocarbons and of s o l i d  carbon p a r t i c l e s  a s  a f f e c t e d  by 
freeboard temperature, height  and the  mode o f  p a r t i c l e  feed;  ( 3 )  
s u l f u r  capture  by sorbent  p a r t i c l e s  en t ra ined  f r o m  t h e  bed; (4) 
reduct ion of NO, by CO and s o l i d  carbon along t h e  freeboard 
height .  For the  f l u i d i z e d  bed i t s e l f ,  t he  following research 
a reas  were emphasized by Beer:' 
i n j e c t i o n  i n t o  t h e  bed o r  f o r  over-bed feeding;  (2 )  evolu t ion  
and combustion of coa l  v o l a t i l e s  t o  es t imate  l o c a l l y  reducing 
zones and hot spo t s ;  ( 3 )  carbon burning as  a f f e c t e d  by p a r t i c l e  
swel l ing,  fragmentation, t he  build-up o f  ash l aye r s  and changing 
pore s t ructures  of t he  coa l ' c l la r ;  (4) t he  f l o w  near  :he d i s t r i b u t o r ,  
bubble s i z e ,  gas-emulsion exchange c o e f f i c i e n t s  along the  bed 
he ight ;  (5) the r e spec t ive  r o l e s  of mixing and chemical k i n e t i c s  
i n  the  burn-out o f  CO i n  the  bed; (6) t h e  t rans . ient  operat ion of 
t he  f l u i d i z e d  bed, including s t a b i l i t y  l i m i t s ;  (7') t h e  evolut ion 
of fue l -n i t rogen  from the  coa l  and the  formation o f  NOx from 
v o l a t i l e s -  and char-ni t rogen;  (8)  the  reduct ion of high NO, concen- 
t r a t i o n s  found experimentally near t he  coal  i n j e c t i o n  poin t  by 
r eac t ions  between NO, and v o l a t i l e  nitrogenous compounds and NO, 
o r  carbon; (9 )  the  k i n e t i c s  o f  s u l f a t i o n  o f  CaO, the  e f f e c t s  of 
combustion, and the  pore s t r u c t u r e  o f  t he  ca lc ined  s tone  upon 
sorbent  u t i l i z a t i o n .  

(1) movement of p a r t i c l e s  a f t e r  

Research needs i n  PFBC a re  analogous t o  those l i s t e d  f o r  
AFBC a t  e levated pressure  l eve l s .  
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3. Environmenta.1 Control Technologies 

CCAWG continued discussions relating to environmental * 
control technologies. An overview of the advanced environmental 
control technology program at METC was presented by J. Halow' and 
included considerations of flue-gas cleanup (using lime and lime- 
stone scrubbers, other flue gas desulfurization techniques, and 
combined NOx/SO,/particulate flue-gas cleanup), gas-stream clean- 
up (for turbine systems, fuel cells and other technologies), and 
studies of cleanup base technologies (including waste management, 
instrumentation, and systems economic comparisons). Also noted 
was METC phase-out of lime and limestone RGD relating to advanced 
flue-gas desulfurization (FGD) and continuing studies on combined 
(NO,/SO,/particulates) flue-gas cleanup (including such novel 
ideas as E-beam utilization to facilitate reactions for conver- 
sions of NOx and SO,);7 gas-stream cleanup at elevated tempera- 
tures (>lOZoF) and pressures (>6.5 atm) in PFBC, turbines (with 
emphasis of the effect of Na on turbine life and the utilization 
of absorbents such as activated bauxite, diatomaceous earths, and 
other aluminosilicates), and particulate removal [by using an 
electrocylone, electrostatic precipitation, electrostatic granular 
bed filters, barries such as ceramic bag and granular bed filters, 
movlng panel beds, cross-flow membranes, augmentation agglomera- 
tion, etc.) ;8 identification of the principal deleterious consti- 
tuents in coals and reaction mechanisms involving mineral inclu- 
sions and entrained particles ; 
systems. 

modeling of complete cleanup 
10 

* 
See AB-3, CCAWG meeting at Combustion Engineering (June'24, 1982) 
for previous discussions of this important topic. 
6J. Halow (METC) , CCAWG meeting at METC, July 15, 1982. 
7J. Williams (METC), CCAWG meeting at METC, July 15, 1982. 
8K. E. Markel, Jr. (METC), ibid. 
'K. Castleton (METC) , ibid. 

'OL. Hadley (METC), ibid. 

' I  

' I  

I 
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4. METC Studies of Coal-Water Mixtures (CWM) 

The potentially important topic of combustion of CWM 
1 1 , 1 2  in a gas turbine was also addressed. 

"F. Crouse (METC), CCAWG meeting at METC, July 15, 1 9 8 2 .  
I'D. Waltermire (METC) , ibid. 
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5. Cost Analysis of the Application of Coal-Water Mixtures 
(CWM) to Gas-Turbine Firing" 

This analysis relates to the magnitude o f  the price dif- 
ferential that may be tolerated when using clean fuel combined 
cycle (CFCC) plants in gas-turbine applications in place of coal. 
Very high numbers, such as $5-7/MM Btu price differential, have 
been given as the basis for pursuing coal-water'mixtures (CIQ4) 
for turbine applications. It is easy to show that these figures 
cannot be right. Clean fuel combined cycles are available today 
by firing oil o r  gas. 
of oil and gas cannot compete with coal. The following calcula- 
tions bear out this conclusion. 

$lOOO/kWe for a conventional coal-fired plant, 7000 hrs/yr opera- 
tion, 30 years levelized fuel costs, 20% capital charges, 10,000 
Btu/kWhe heat rate for conventional plants, and 8,OO.O Btu/klVhe 
heat rate for CFCC plants, the first year fuel-cost differential 
is $1.38/MM Btu. This statement will now be verified. 

plants. 
The fuel costs are a function of heat rate, leveling factor, 

and first year fuel price. Based on the EPRI levelizing procedures, 
the leveling factor is about 2. The first year coal.price is about 
$1.50/MM Btu. Thus, the levelized coal price is $3.00/MM Btu. The 
levelized fuel cost is then 

Very few have been sold because the prices 

Using realistic figures of $600/kWe for a CFCC plant and 

We list in Table 1 the costs for conventional and CFCC 

= ($1.5O/MM Btu) x 2 x (10,000 Btu/kWhe) 

x (1000 mills/$) = .30 mil.ls/klVhe . 
'levelized 

'Prepared by C. R. Bozzuto. 
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Table 1. Cost comparisons between conventional and CFCC. plants. 

Costs and Charges 

Capital cost 
Capital charges 
Annualized electricity 

Levelized fuel cost 
OGM (including limestone: 

cost 

Total energy costs: 

Conventional Plant I CFCC Plant 

$10 0 0 /kwe 
$200/kwe-yr 

28.6 mills/kWhe 
30 mills/kWhe 
8.4 mills/kWhe 

67 mills/kWhe 

$6 0 0 /kwe 
$120/kwe-yr 

17.1 mills/kWhe 
Y mills/kWhe 
3.9 mills/kWhe 
2 1 + Y  mills/kWhe 
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The levelized clean fuel price differential is (compare Table 1) 

[ ( 6 7  - 21) mills/kWhe] X (10  6 Btu/W Btu) = $5,75,-m Btu . 
(8000 Btu/kWhe) x (1000 mills/$) 

The first year clean fuel price is thus seen to be $2.88/MM Btu- 
Therefore, the differential first year fuel price between coal 
and coal-water mixture must be less than 
or $1.38/MM Btu. The coal-water mixture fuel must, of course, 
meet all gas-turbine and environmental regulations and specifi- 
cations. 
particulate removal, and sufficient nitrogen removal to meet 
NO, specifications. 
demonstrated for any reasonable cost. 
coal gasification will deliver this clean fuel at a price o f  
roughly double that of oil o r  gas. 
are currently available at less than $1.38/MM Btu fuel price 
differential, it seems unlikely that the goals of the CIVM pro- 
gram for turbine applications will be met. 

, 

$2.88-$1.50/MM Btu 

This would include at least 90% sulfur removal, 99% 

This degree of beneficiation has not been 
Coal liquefaction or 

Since neither oil nor  gas 

AB-169 , -  I 

! 



.. .. 
AB-5 

REPORT OF SITE VISIT TO THE GENERAL ELECTRIC COMPANY, 
CORPORATE RESEARCH AND DEVELOPMENT - 

STUDIES 'ON COAL COMBUSTION AND UTILIZATION* 
(August 5, 1982) 

S. S. Penner visited the General Electric Research Labor- 
atory,primarily for the purpose of assuring a detailed presenta- 
tion to CCAWG at a later date on the potential merits of utilizing 
CIVM and other low-grade fuels in gas turbines. Discussions were 
held with N. J. Lipstein (Manager, Fluid Mechanics and Combustion 
Branch), M. Lapp (Combustion Diagnostics), D. P. Smith (Manager, 
Process Operations Unit), J. C. Blanton (Mechanical Systems and 
Technology Laboratory), P. G. Kosky (catalytic coal gasification), 
and D. H. Maylotte (tomography of heated coals during pyrolysis). 
D. P. Smith agreed to attend the October 18 CCAWG meeting at 
Babcock and Wilcox and to discuss the potentials and problem areas 
relatink to coal utilization in gas turbines. 

given in the following paragraphs. 
Brief summaries of the research programs discussed are 

1. Combustion Diagnostics 

M. Lapp has been one of the pioneers in the application 
of laser-Raman spectroscopy to combustion systems. Current re- 
search deals with instantaneous species concentration and tempera- 
ture measurements (using laser-Raman scattering) on turbulent jets. 
The program will include determinations of correlation functions 
involving species and temperatues and is closely related to recently 
published modeling studies by R. Bilger (Sidney, Australia). 

* 
Prepared by S. S. Penner. 
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2 .  Use of Low-Grade (Residual) Fuels in Gas Turbines 

Extensive studies have been performed on the use of high- 
ash fuels (residuals) in gas turbines. Erosion, corrosion, and 
depositions (ash fouling) were observed primarily in the turbine 
nozzles. With heavy resids, the primary operational problems 
result from the presence of vanadium. This element is not 
readily removed from residual oils but is generally not an impor- 
tant constituent of coals. 
formed with Mg-addition (at a weight ratio about 3 times that 
required for a stoichiometric mixture) to remove the V. 
deposit is observed on the nozzles and blades after prolonged 
operation (i.e., several hundred hours), which can be removed by 
"nutshelling" (i.e., temporary injection of crushed walnut shells 
at a mass ratio of about 0'.5 of that of fuel). A substantial 
data base has been accumulated on the operation of high-ash re- 
sidual fuelsin gas turbines. The principal-design features and 
problem areas are sketched in Fig. AB-5.1. 

Experimental studies have been per- 

An ash 

Destructive compressor surges result from plugging of the 
first-stage nozzle. The use of higher temperatures to eliminate 
plugging of the first-stage nozzle tends to move the operational 
problems to the first-stage rotor and further downstream. 

The extent of wall deposition is primarily determined by 
the wall temperature. Extensive simulation experiments on wall 
deposition have been performed by inserting an air-cooled, flat 
plate in a 3-in.' test section and measuring deposit formation 
from a number 2 fuel oil to which dopants had been added to sim- 
ulate high-ash resids. The data in Table AB-5.1 indicate the 
importance of local temperature. Experimental studies were per- 
formed on carefully modeled nozzles with four vanes. 
speed was sonic at the throat while operating with pressure 
ratios of 2tol. An effective nozzle area was obtained as a function 
of time by determining the percentage of nozzle blockage per 100 

The flow 

AB-171 



I 

Atomic weight ratios Mg iV 

Measured atomic weight ratios 10.6 

Calculated equilibrium atomic weight , 
ratios at the equilibrium gas temperature 7.14 

Calculated atomic weight ratios at equili- 
brium for the measured local wall tempera- 
ture, after prior equilibration at the 
equilibrium gas- temperature 11.4 

I I I .  I 

Na + V  

3 . 2  
. .  

2 . 3  

3 . 4  

I 

Fig. AB-5.1 Schematic diagram showing operation of a gas tur- 
bine with high-ash resids; 1, combustor operating 
at about 4000'F with the formation of particulates; 
2 ,  transition piece which yields exit temperatures of 
about 2000'F and allows particle growths by con- 
densation and agglomeration; 3 ,  first-stage nozzle 
where deposition occurs by impaction and condensa- 
tion; 4, first-stage rotor; 5, subsequent turbine 
stages. 

Table AB-5.1 Deposit formation ratios observed in simulation 
tests with number 2 fuel oil containing dopants.. 
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hours of operation. 
is up to about 5% of area (corresponding to a 10% power l o s s ) .  
The observed deposit thickness was not simply related to an ef- 
fective throat restriction. 
has been used to characterize nozzle plugging. 

Tolerable blockage in industrial applications 

Instead, an effective area parameter 

3 .  Appli'cations to CWM 

The METC program at GE deals with the use of CWM. A prior, 
EPRI-funded 
turbine. This engine will probably be used with CWM. Engine 
cleanability has been found to be better with water-cooled than 
with air-cooled engines. 

program was pursued during 1979-80 on a water-cooled 

4. Publications Dealing with Turbines Using Resids 

The following publications deal with turbine-engine perfor- 
mance while using fuels with high-ash and minerals contents: 

i. R. S. Rose, A. Caruvana, A. Cohn, H. von E. Doering, 
and D. P. Smith, "Application o f  Water Cooling for Improved Gas 
Turbine Flexibility and Availability," ASME Paper 81-GT-68, pre- 
sented March 1981. 

ii. J. C. Blanton and W. F. O'Brien, Jr,, "An Empirically- 
Based, Simulation Model for Heavy-Duty Gas Turbine Engines Using 
Treated Residual Fuel," ASME Paper 82-GT-139. 

iii. C. T. Sims, H. von E. Doering, and D. P. Smith, 
"Effects of the Combustion Products of Coal-Derived Fuels on Gas 
Turbine Hot-Stage Hardware," ASME paper 79-GT-160, presented 
March 1979. 
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5. Integrated Coal Gasification Gas Turbine Combined Cycle 
(IGCC) Sys tem 

IGCC systems were considered by FERWG-I. While a reeval- 
uation of these systems for utility, applications may be appro- 
priate, this study has not been specifically assigned to CCAWG. 
A useful 1981 evaluation of this concept is the following: J. 
C. Corman, "Integrated Gasification Combined Cycle Experimental 
Simulation," paper presented at the Eight Energy Technology Con- 
ference and Exposition, Sheraton Park, Washington, D.C., March 
9-11, 1981. 
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AB-6. 

DISCUSSIONS AT THE AVCO-EVERETT RESEARCH LABORATORY 
OF (a) THE E-BEAM SCRUBBER AND 

(b) SLAGGING COMBUSTORS* 
(August 6 ,  1982) 

The purpose of this visit was two-fold. First, to obtain 
first-hand information on the E-beam scrubber and, second, to 
commence the CCAWG assessment of the potential of slagging com- 
bustors for retrofits in industrial and utility boilers. The 
second topic will be discussed briefly by D. B. Stickler of 
Avco at the October 18 CCAWG meeting at Alliance, Ohio. 

discussions (R. Gannon, R. Kessler, R. Patrick, V. Shui, D. B. 
Stickler,** D. Swallom, C. von Rosenberg, and V. Shui***). The 
agenda is shown-in Table AB-6.1. 

The following Avco-Everett personnel were involved in the 

1. The E-Beam Scrubber 

Management for the DOE-funded work on the E-beam_ scrubber 

The E-beam scrubber was developed by Ebara in Japan (since 
has been transferred from METC to PETC. 

1969-70) and is currently being pursued jointly by Avco and 
Ebara, who have cross-licensing agreements, with Ebara holding 
most of the patents and Avco contributing expertise in the areas 
of electron-beam technology developed in connection with excimer 
and other laser programs. 
beam scrubber will allow cost-effeczive SO, and NO, removals not 
only at currently mandated effluent levels but also if substan- 
tially more rigorous clean-up standards are implemented in the 

According to its proponents, the E- 

' I  

.-. 
Prepared by S. S. Penner. - ** 

*** D. B. Stickler supplied the information on slagging combustors. _ _  _ _  _ _  
V. Shui furnished all of the material dealing with the E-beam 
scrubber. 
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Table AB-6.1: AGENDA 
Friday, 6 August 1982 

1O:OO a.m. Introduction 
10:15 a.m. ' E-Beam Scrubber . . . . . . . . . V. Shui 
11:15 a.m. Slagging Combustor . . . . . . . . D. B. Stickler 
12:15 p.m. Lunch 
1:15 p.m. Tour of Experimental Facilities. R. Gannon 
2:15 p.m. General Discussions 

future. While a great deal of useful empirical information has 
been obtained in Japan, the fundamental processes involved in 
effluent gas clean-up on exposure to electron beams are mostly 
not understood and, therefore, theoretical design-optimization 
techniques are not yet available. DOE funding of $600,000 is 
to be used for studies on a.PDU (gas flow rate of 20,000 ft /min). 
In Japan, effluent control technologies are so widely implemented 
that there remains only very limited market potential without the 
legislation of new performance standards. This is said to be 
one of the reasons for Ebara's interest in a joint venture with 
Avco . 

3 

A schematic diagram of the removal system is shown in Slide 

For the condi- 
AB-6.1. The novel feature involves low-temperature chemical re- 
actions with NH3 during bombardment by electrons. 
,tions shown in Slide AB-6.1, the SO, and NO, are converted to 
the fertilizers (NH4)ZS04 and NH4N03, respectively, albeit at the, 
expense of NH3 and energy;without NH3 injection, sulfuric and 
nitric acids are formed, which may also be readily collected. As 
is shown in Slide AB-6.2, SO, and NO, removals are achievable at 
levels substantially lower than are currently mandated. 

I 
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A 1980 costing study was performed by Gibbs and Hill. The 
results o f  this study are summarized in Slide AB-6.3 and include 
credits for the fertilizers formed (%$lS/ton of fertilizer, as 
compared with current costs of $9O/ton of fertilizer)." The E- 
beam scrubber is seen to have substantially lower estimated cost 
than lime scrubbers. 

An artist's conception of a plant design is shown in Slide 
AB-6.4. The claimed advantages for the system are summarized in 
Slide AB-6.5 and include relatively low capital and operating 

costs, as well as cost savings because stack-gas reheat is not 
required. The E-beam reactor cross section is shown in Slide 
AB-6.6; the foil thickness is 1 to 2 mm. Test conditions used 
by Ebara during the development phase are summarized in Slide 

conditions) were handled for up to 3000 hours. The experimental 
data shown in Slide AB-6.8 show that saturation of SOx removal 
was achieved above about 1 megarad (= 10 joules per gram) while 
about 1.5 Mrad were required for NOx removal. The E-beam sys- 
tem is a commercial unit (obtainable, for example, from High 
Voltage Engineering). It uses 800,000 volt electrons, which 
have about an 8-ft range and can be swept over a 50-60' diver- 
gence angle at scanning rates o f  60 to 400 cycles per sec. With 
two oppositely located E-beams, fairly uniform exposure is 
achieved throughout the test section. 
problems and substantial cost reductions should be achievable 
for large-scale devices as the result of more efficient use of 
power-conditioning equipment. 

AB-6.7; it should be noted that up to 10,000 m 3 /hr (at normal 

Scaling represents no 

I 

I 

' I  

at Bechtel. . 
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