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SUMMARY

Information on the design, performance, operating characteris-
tics, and cost of combustors, furnaces, and low-Btu gasification processes
was compiled for the various cycle concept leaders to use in determining
the perfermance, capital costs, energy costs, natural resource require-
ments, and environmental intrusion of each of their system configurations.

The scope of this work was divided into the following categories:
® Coal preparation
s Combustion technology
e Low-Btu gasification techmnology
s Pollution control techrology
e Solid waste disposal.

The grinding and drying requirements of the three coals for ap-
plication to various types of combustors, furnaces, and gasification pro-
cesseg are ldentifiled and the power requirements for grinding and the

power and heat requirements for drying are determined.

For each coal and moisture content combination, the ultimate
analysis, lower and higher heating values, and stoichiometric fue./air
ratio were calculated and tabulated. In addition, the thermodynamic prop-
erties of the products of combustion of the three coals with the various
moisture contents yere calculated and tabulated over a range of air
equivalence ratios. The above data are also compiled for distillate from
coal derived liquid: and for high- and intermediate-Btu fuel gas.

The combustor/furnace requirements for each of the coal and
cycle concept combinatioms are established, The types of combustor/

furnace selected for these applications includes:

x1




e Cell and circular registers burners for gaseous,

liquid, and pulverized fuel
e Cyclone furnace for crushe: coal
¢ TFluidized bed combustion {or crushed coal
o Swirl combustor for gaseous and liquid fuels

¢ Conventional gas turbine combustors for gaseous and
liquid fuels

e Special gas turbine combustors for low-Btu fuel gas
¢ Blast furnace gas type burners for low-Btu fuel gas,

The state of the art of low-Btu gasification is reviewed and
preferred processes are selected for each of the three principal generic
types, i.e., fixed-bed, fluidized bed, and suspension. For each ccwbina-
tion of coal and gasification process, the compositien of the product
fuel gas and the quantities of the reactants are calculated using compu-

ter programs based on simplified models of the gasification processes.

A state-of-the—art review is also made for low-~temperature car-
bonization processes. A preferred carbonization process is selected and
estimates are made of product yields for each of the three coals. Typi-

cal fuel gas compositions were obtained from the literature.

Heating values, enthalpies, and steichiometric fuel/air ratios
were calculated for each of the fuel gases from the low-Btu gasification
and low-temperature carbonization processes. Thermodynamics properties
of the products of combustion of each of these fuel gases are calculated

over a range of air equivalence ratios.

Correlations of capital costs as a function of capacity znd
operating conditions were made for both low-Btu gasification and low-

temperature carbonization nrocesses.

A survey of leading flue gas desulfurization processes was made

and a preferred process (limestone slurry) is selected for this study.

xii




Performance and cost data for the limestone slurry process are correlated

as a function of capacity and sulfur content of the coal.

The Westinghouse multi-stage fluidized bed gasification process
has integrated high-temperature desulfurization amd its cost is included
in the gasifier cost. Similarly, the fiuidized bed combustors have inte-
grated high-temperature desulfurization and its cost is ineluded in the

cost of the boiler or fired heater employing fluidized bed combustion.

In open-cycl= MHD systems, the plasma seed material was used as
a rorbent for sulfur. Cost estimates were made for the seed regeneration

process.,

All cases using flue gas desulfurization are assumed to have

integrated scrubbers for removal of the particulates,

High—-temperature cyclones, tornado separators, and grauular bed
filters are used for particulate removal in the Westinghouse fluidized
" bed gasificacion process and for high-pressure fluidized bed combustion.
Electrostatic precipitators are used for particulate removal in open-cycle
MHD and for atmospheric and high-pressure fluidized bed combustion. Cor-
relations of equipment cost as a funmction of capacity and operating con-

ditions are prepared for all of the particulate removal equipment.

For all cycle concepts, techniques are identified for minimizing
the formation of NO in the combustion process either from thermal mecha-—
nisms or by conversion of fuel nitrogen. All concepts have projected NO
emission levels lower than the specified limit except for the combined
cycle plant with the Westinghouse gasification process with high-
temperature desulfurization and particulate removal. The emission limits
which were spuéified for this power system are those for gaseous fuel

(i.e., natural gas). The limits for solid fuel can be met by this sysﬁem.

A summary of the envirommental intrusion was made for the basne

cases and the recommended case for each power system concept.
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4, COMBUSTORS, FURNACES, AND LOW-BTU GASIFIERS

4,1 Introductions

Information on the design, performance, operating characteris-
tiecs, cost, and development status of combustors, furnaces, and low-Btu
gasification processes was supplied to the various cycle concept leaders
for use in determining the performance, capital costs, emergy costs, natural
resource requirements, and environmental intrusion of each of their system

configurations.

The scope of the work in this area divided into the following

subsections:

E)

4,2 Coal Preparation s
4.3 Combustion Technology

4,4 Low-Btu Gasification Technology

4.5 Pollution Control Technology

4,6 Solid Waste Disposal.

4.2 Coal Preparation

The properties of the Tllinois No. 6 bituminous, Montana sub-
bituminous, and North Dakota lignite coals specified are given in Table 2.1.

4.2,1 Grinding Requirements

All of the direct-fired integrated conversion processes considered in
this study require that the as-mined coal be either crushed or pulverized prior
to utilization. Crushing requirements for bituminous, subbituminous, and iignite
coal for use in a cyclone furnace are giveén in Figure 4.1. These are generally

applicable to fluidized bed combustiomn and gasification processes, as well.

In pulverized fuel furnaces fine grinding of the coal is necessary

to assure complete combustion of the carbon and to minimize the depositiom
of ash and carbon on the heat—absorbing surfaces. TFigure 4.2 shows a

typical size distribution of pulverized coal for use in conventional

41

R




-y

Curve 681968-A

Screen Apertare. Mo biny: e ]
* a0 T s0juoion T 00 “Poou Troboty \—- ITOF LEAVING MIXTURE —
i B | b | TEMPERATURE
- Screen Opening ; oy At w
0305 1. 2.3 .5 10 23 5 10 3T R [
% TR o T I G RS E 2 »
i BN =H%x iLifig 3 5N
901 o 1 u i Hi o B e
Al ] ; K7 | Gt MO = SN
80 S A = e e g w N\
632 f,#" % ¥ 9500 £ = oo e 2 N\ .a:*\ RS
£ 50 NS | B R A g \Q‘\s’é T, B
& 6 i IS = Pulvaiond Cout .01 5 "'b\\ 2, \\"'
£ xl £ : v 9000 T US Sl s Pans 3 g % é?\
= > 3 il
2 ol et i 3 b 3 CRRNINN
U VG 100 99 " s
; Qv 150 880 E N, \ |
0 200 6 | \ )
& 10f = : i z iy \\
& = eF E -3
5 =1 - 'ab \‘\
: Hill | N
' i \:~.\
; SR —
1 o £ | 4000 I A B 200 ==
200]10060[ 40 | 20 |10 6 | 1251 200 wol ol w0 a 18 ' 2 3 ) 5
270 140 50 30 14 4 N e s S e el b LBS OF AIR LEAVING MILL PER LB CF COAL
S Stanband Swevr Demavts s >

U.S. Standard Sieve Designation

Fig.4.1—Sizing of crushed Fig.4.2=Rosin and Rammler Fig.4.3—Temperature of air

" coal fired in the cyclone chart for plotting pulverized- to mill midwestern coals
furriace (Reference 4.1) coal-sample sieve analyses (Reference 4.4)
(Reference 4.1)

|

NIDIYO

{

Vi

TVNIOR
0NacudaY

d

T

HHL J0 AL

¥00d ST TV



pulverized coal furnaces. The capacity of coal pulverizers is a function
of the coal fineness, g;indability index, and moisture content. Pgl— o
verizers are nominally rated on a grindability index of 50, a fineness

of 70% through 200 mesh, and 8% moisture. -

4.2.2 Drying_Requiremants

The moisture content of the three solid fossil fuels which
have been specified for the ECAS study are as follows:

’ é Illiﬁois bituminoﬁs coal - 13.0%

s Montana subbituminous ecoal - 24.37
e MNorth Dakota lignite - 36.7%

The values are fairly typical as-mined moisture concertations for these

fuels.

Since the Middletown site specified for this study is not mine—
mouth for any of these fuels, it is possible that additional moisture
would be picked up during transportation and storage. A typical moisture
content for bituminous cozal in a storage pile at an eastern U.S. site is
iOZ, so it is not likely that the moisture content of the bituminous coal
would increase, The subbituminous coal and the lignite could, however,
plck up significant quantities of moisture during transportation and storage.
It was assumed, however, that the moisture codntents specified are for the
fuels at the time of utilization. '

The moilsture content of the solid fuel is important because of
its effect on the power system performance and operation. In combustiom
processes there are both sensible and latent heat losses associated with
the moisture in the fuel. Excess surface moisture causes problems in

grinding, transport, and storage of solids.

Bituminous coal is a compact material, and all but a small
percentage of its moisture content is surface moisture. Reduction of the
total moisture to approximately 3% is required to obtain good handling
properties.

Subbituminous coal and lignite, on the other hand, are very porous

L
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materials and have the physical properties of dry materials with sub-
stantial moisture contents. Lignite can be pulverizéd and handled
satiafactorily with moisture contents in the range of 25 to 30%.
(Refexence 4.2) It is assumed that the moisture content of subbituminous
cdal will have to be reduced to aﬁout 20%Z to obtain Bafisfﬁgtory physical

properties.

It is easy to dry bituminous coal to a 3% moisture level.
Lignite and subbituminous coal can'be dried to 16 to 18% moisture level
relatively easily, but higher temperatures and, inert gases are required
te dry them below this level. (Reference 4.3)

There are two basic techniques for drying coal. The technique
most cften used is mill drying, where a stream of hot gas dries the coal
during the pulverizirg or crushing operation. Alternatively, the coal
can be dried prior to grinding. There are.several types of separate
driers available, but fluldizing bed driers are Widaly used for this

purpose.

There are two methods of firing coal in conventional boiler
furnaces - direct and indirect. In the direct method, mill drying is
normally used, and preheated combustion air is used for drying and
transporting the bulverized or crushed cpal. Figure 4.3 shows the air
prgheaﬁ temperature required for mill drying as a function of the air/coal
ratio and the moisture content of the coal. Since the moisture evaporated
from the coal gnesAinto,thé cdmbustion air, it enters into the mass and
energy balance of the combustion process the same as it would if the coal
had not been dried. )

——

In the indirect firing system, the coal is transported to a
holding bin-aftfer being pulverized of crushed. , Mill drying is also
widely used with indirect firing, in which case the drying gas is used for
transporting the ground coal to the holding bin. Whichever drying system
is used with indirect firing, the evaporated moisture is vented alomng with
the drying gas and, therefore, dves not enter into the mass and energy

balance of the combustion process. ’ '
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If fuel is used to supply the heat for drying, the latent heat
losses associated with the moilsture evaporated from the coal are independent
of the drying and firing methods. There may be Jdifferences in the sensible
heat losses associlated with the moisture in the cozal, however. When wet
coal is fired directly, or coal is mill dried and fired directly, the
sensible heat loss of the molsture in the coal is proportiocnate to the
stack-gas temperature minus amwbient temperature. Stack-gas temperatures
range from 408 to 450°K (275 to 350°F). The temperature of the gas stream
leaving a drier is typically about 355°K (180°F) or less. The sensible
heat loss associated with the moisture evaporated from the coal, therefore,
is about half as much when the moisture is vented as it is when the
moisture is carried through the combustion process along with the com-
bustion air.

When the drying gas stream is vented, a sensible heat loss is
incurred over and above the sensible heat losses of the dry products of
combustion. On the assumption that the parametric values in Figure 4.3
can be treated as moisture decrements, computations show that the sensible
heat loss due to venting drying air exceeds the difference between the
sensible heat losses of the evaporated moisture by a factor of approximately
10.

In view of the above, it is concluded that the amount of drying
alr to be wvented should be kept to 2 minimum when fuel is used to supply
the heat to the drying air. Venting of drying air is mandatory oanly in
high-prassure combustion and gasification systems when lockhoppers are
used., In éll low-pressure systems, direct firing with mill drying is
feasgible. If waste heat is avallable for drying, there is a substantial
advantage in evapgorating the maximum amount of molsture from the coal
and venting it. i

H

In most gasificatiou processes, steam is used as a reactant.' if
the process is cocurrent, the moisture in the coal wili enter into the re-
action and will reduce the quantity of process steam required from outside

sources. Compared to the case with dry coal, the composition of the
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Table 4.1 FiMoisture'Cohditicﬁs-fﬁr‘Thréé Lavgléﬂof-ﬁiyiﬂgﬁif

. Mbistufe -
Goal Type w. @ | @
As Received Normal Maximum
. Illinois-No. 6 e -
Bituminous ‘ 13.0%Z 3% 0
Montana L ‘
Subbituminous | 24.3% 20% . le%
North Dakota ‘
Lignite ' 36.7% L 27% ‘ . 187

As received — Applicable to those cases where mill drying and direct
firing are used. .

Minimum drying for good handling propefties - Applicable'ﬁb those '
cases where venting of the drying gas and evaporatad'moisture is

mandatory.

Maximum practicable drying - Applicable to those cases where . . .
sufficient waste heat is available to do the.maximum-p;acticabie ~

*

amount of drying with venting.
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product fuel gas will be nearly the same, but the temperature will be

lower because of the heat of evaporating the moisture in the coal.

If the gasification process is countercurrent, the molsture
will be evaporated into the product fuel gas and will not enter into the
gasification reaction. Thé dry fuel gas cumposition will not be affected,
but the temperature of the wet fuel gas will. The losses associated with
the moisture in the coal are the same as those described in the combustion
systems. As in the combustion systems, therefore, venting of drying air

should be kept to a minimum unless waste heat is available.

Suspension gasification processes are cocurrent, but fized bed
processes are countercurrent. The Westinghouse fluidized bed gasification

process is countercurrent.

It is indicated that mill drying will be adequate for drying
the three coals specified to the moisture levels required for good
physical properties. TFor all low-pressure combustion systems, mill
drying and direct firing is the preferred method. For high-pressure
combustion and gasification systems, the preferred method is the minimum
degree of mill drying to obtain the desired physical properties with venting
of the drying gas and the evaporated moisture. When waste heat is available.

however, the maximum amount of drying with venting is advantageous.

In view of the above, three sets of moisture conditions, shown

in Table 4.1, are of interest for heat and mass balances in this study.

The ultimate analyses of the three coals for each of the thre

moisture contents and for moisture-free solids are givem in Table 4.2.

4.2.3 Power Requirements

The power requirement for coal crushers is independent of the
type of coal and is typically about 0.04 kwh/106 Btu input (Reference 4.1).
The power requirement for pulverizers is a function of the coal type and
the grindébility indices. The power requirements for each of the speci-
fied coals at its average grindability index is shown in Table 4.3.

4-1
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Table 4.2 - Ultimate Analysis of Coals withk Varlous
Percent Moisture .

Illinois No. 6 Bituminous
Moisture content 13.0 3.0 0
Ultimate analysis

Ash 9
Sulfur 3
Hydrogen 5
Carbon 59
1
Y]
0

Nitrogen

Oxygen

Montana Subbituminous .
Moisture content 24.3 20.0 16.0 0

Ultimate analysis

Ash 7
Sulfur 0
Hydrogen 6
Carbon 52
Nitrogen 0
Oxygen 32

N. Dakota Lignite
-Moisture content 36.7 27.0 18.0

[=]

Ultimate analysis

Ash &
Sulfur 0
Hydrogen 6
Carbon 41
Nitrogen 0
Oxygen 44
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Alr fans are required for both direct and indirect-fired sys-
tems to overcome the pressure losses in the mill dryer and to transport
the pulverized coal to either the burners or the holding bin, Power re—
quirements for these fans are also shown in Table 4.3.

Table 4,3 - Power Requirements for Coal Preparation

Pulverizer Primary Air
Average Power Fan Power
Coal Grindability
Index Requ%red % Requ%red N
kWh/10° Btu kWh/10° Btu
Illinois No. 6
Bituminous 55 0.33 0.44
Montana ’
Subbituminous 53 0.36 . 0.54
North Dakota
Lignite 50 0.48 0.68

*®
Reference 4.1.

4.2.4 Final Requirements for Drying

For those cases where direct~fired heaters are used for heating
the drying air, and the air leaving the drier or the mill is vented, the
fuel required for drying can be calculated by using data from Figure 4.3
in the following expression:

(4.1)

Fuel for drying, 1b _ [ 0.25 (tair - 59) ] [Wa]

Wet coal dried, 1b {tgv - 0.25 x tair ) If

Where: (wa/w air/coal ravio leaving the mill, 1b/1b

£

tair

LHV

air inlet temperature to mill, °F

n

lower heating value of fuel used for heating
drying air, Btu/lb.
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The approximate energy requirements for minimum drying of coal

in indirect~firing applications are shown in Table 4.4.

Table 4.4 - Energy Requirements for Dryimg Coal

Coal Energy - Btu/lb Coal As Received

Illinois No. 6

Bituminous 235
Montana

Subbituminous 100
North Dakota

Lignite 230

4,2.5 Costs Mill/Drying Equipment

Mill drying was recommended for both direct and indirect sys-
tems. The equipment costs for crusher/driers and pulverizer/drier equip-

ment on a July 1974 base are as follows:

® Crusher/drier equipment (Reference 4.5)

Installed cost, § = 550,000 {Coal Rate, tongéhr as received}

® Pulverizer/drier equipment (R-ierence 4.6)

Coal Rate, tons/hr as received]

Installed c?st, $ = 3,575,000 [ 100

Both of these installed costs are assumed to be 60% materials and equip-
ment and 407 field installation labor. The cost of pulverizing/drying
equipment for the atmospheric pulverized coal boiler for advanced steam
DD TIOTNLITY QF THE
Ohlu:h 308 IS POOR
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conditions was included in the cost estimate for these boller subsystems

provided by the Foster Wheeler Corporation under subcontract.

The f£luidized bed combustion and gasification processes with
in-bed desulfurization using a sorbent such as limestone or dolomite must
be provided with sorbent preparatiom facilities in addition to the coal
preparation facilities. The requirements for grinding and drying the
sorbent are similar to those for crushing coal, so the same kind of equip-
ment :ised for crushing and drying the coal was used for crushing and
drying the dolomite. In some cases the coal and dolomite could be
crushed and dried together using a single system with a larger capacity.
In other cases, however, the coal and dolomite had to be fed separately,
so independent crushing/drying facilities were require:d for the coal and

the dolomite.

4.3 Combustion Technology

4.3.1 Background Information

Calculation of the performance and design of equipment for the
various ecycles considered in this study required informatiom such as fuel
heating values, stoichiometric fuel/air ratios, thecmodynamic properties
of combustion products, adiabatic flame temperatures, combustion effici-
encizs for specific combustion conditions, and pressure losses for the
various types of combustion equipment. These factors were included in
the writing of a set of computer programs which performed the computa-
tions (see Appendix A 4.7).

The lower and higher heating values for each of the three coals

for four moisture categories are given in Table 4.5.

The stoicuiometric fuel/fair ratios of the three coals for each

of the four molsture categorles are given in Table 4.6.

The stoichiometric fuel/air ratios for the various coal-derived
fuels are shown in Table 4.7.
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Table 4.5 - Heating Values of Coals with Various
Moisture Contents

Illinois No. 6 Montana N. Dakota
Coal Bituminous Subbit. Lignite
As Recelved
Moisture, % 13.0 24.3 36.7
HHV, Btu/lb 10788 8944 6890
LHV, Btu/lb 10230 8372 6248
Minimum Drying
Moisture, % 3 20 27
HHV, Btu/lb 12028 9452 7946
LHV, Btu/lb 11525 8907 7365
Maximum Practicable Drying
Moisture, % 0 16 18
HHV, Btu/lb 12400 9925 8926
LHV, Btu/lb 11913 9405 8401
Moisture Free
HHY, Btu/lb 12400 11816 10885
IHV, Btu/lb 11913 11394 10473
4-12
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Table 4.6 - Stoichiometric Fuel/Air Ratios for Coals
with Different Moisture Contents

Coal Moisture Stoichiometric Fuel/
Content, % Air Ratio
Tllinois No. 6 13.0 0.122
Bituminous 3.0 0.109
0 0.106
Montana 24.3 0.148
Subbituminous 20,0 0.140
16.0 0.133
1] 0.112
North Dakota 36.7 0.191
Lignite 27.0 0.166
i8.0 0.148
0 0.121

Table 4.7 - Stoichiometric Fuel/Air Ratios

Stoichiometric Fuel/
Air Ratio

Intermediate~Btu Fuel Gas 0.308

High-Btu Fuel Gas 0.0617

Syncrude/Naphtha 0.0688

Syncrude/Distillate 0,071 N
Syncrude/0il . 0.07725

PAMCO SRC Seolid 0.0842

i
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The stoichiometric fuel/air ratios for low-Btu fuel gases are

included on the fuel gas data sheets, Tables 2.7 to 2.29 of this report.

The thermodynamic properties of the products of combustion of
the various coals and coal-derived fuels were computed using a program
developed by the Westinghouse Gas Turbine Systems Division. 1In this pro-
gram enthalpy and referred pressure are determined as a function of tem-
perature and air equivalence ratio. For this study calculations were
maae over a range of temperatures from 255.6 to 1663°K (0 to 2540°F) with
“nerements of 2.78°K (5°F), and over a range of air equivalence ratios from
1 to 4 with increments of 1. Other output of the program are molecular
welpght, composition expressed as weight fractions, fuel to dry alr raties,

and the ratio of moisture to dry air in the ambient air.

Tables of the thermodynamic properties were generated for the
products of combustion of the specified ambient air and the following

fuels:

1, Tllinois No. 6 bituminous coal - 3% moisture
2. Illinois No. 6 bituminous coal - 13% moisture
3. Montana subbituminous coal - 207 moisture

4. Montana subbituminous coal - 24.3% moisture
5. WNorth Dakota lignite - 27% moisture

6. North Dakota lignite - 36.7% moisture

7. Low-Btu fuel gas/(® fluidized bed/Illinois No. 6

bituminous/T = 350°F
process air

8. Low-Btu fuel gas/(® Fluidized bed/Illinois No. 6

. . _ o
bltumlnous/’l‘a - 550°F

i

9. Low-Btu fuel gas/{® fluidized bed/Montana
subbituminous /T = 750°F
air

10. Low-Btu fuel gas/(®) fluidized bed/Montana

subhituminous/'l‘a - 350°F

i
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11.

12.

13.

14,

15.

16.
iy.
18.
19.
20.

21.

- -]
subbituminous/‘l‘air = 550°F

Low-Btu fuel gas/® fluidized bed/Montana
subbituminous/T_, = 750°F
air

Low—Btu fuel gas/() fluidized bed/North Dakota
. — o
llgnite/Tair 350°F

Low-Btu fuel gas/(® fluidized bed/North Dakota

l
|
|
|
1‘
)
Low-Btu fuel gas/ @) fluidized bed/Montana
|
. i
lignite/Tair = 550°F

Low-Btu fuel gas/(®) fluidized bed/North Dakota
1:Lgnite/Tair = 750°F

High-Btu fuel gas

Intermediate~Btu fuel gas .

PAMCO SRC solid

Syncrude naphtha ;
Syncrude distillate

Synerude oil.

These tabulations are included in Appendix A 4.1. 1In addition, coeffici-

ents for polynomial expressions representing these data are listed.

Adiabatic flame temperatures for high-Btu fuel gas, distillate

from coal-derived liquid, aud Illinois No. 6 bituminous cocal are obtain-

able from existing correlations for natural gas, No. 2 fuel oil, and

bituminous coal. Adiabatic flame temperature calculations were wmade for

two specific fuels used in this study. These were an intermediate-Btu

fuel gas from the atmespheric-pressure Koppers Totzek gasification process

using Illinois No. 6 bituminous coal (see Figure 4.4) and low-Btu fuel gas

from the Westinghouse fluidized gasification process using Illinois No. 6

bituminouvs coal and high-temperature fuel gas cleanup (see Figure 4.5).

The recommended minimum excess air quantities for each type of

fuel considered in this study were as fnilows:
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Solid fuels - 15 to 20%

R
g s by

Coal-derived liquid . . wwve=-10-to 35—

ot ————
e - — . T
e .y T T

High-Btu fuel gases = 10%
Intermediate-Btu fuel gases - 10%
Low-Btu fuel pases - 20% -

The effect of combustion equipment type on the minimum excess air is

second order.

4.3.2 Equipment Design and Performance

Five basic t&pes of combustion equipment were comsidered in the

study of advanced energy conversion techniques: '
1. Furnaces for primary boilers
2. Gas turbine combustors

3. Burners for supplemental firing of heat recovery

steam generators
" 4., Burners for fired heaters
5. Burners for MHD systems.

4.3.2.1 Furnaces for Primary Boilers

The fundamental classification of coal-fired boilers is acésrd—
ing to furnace type. Most of the furnaces in conventional. coal-=fired - ‘
boilers burn pdlverized_co;lI(?Dleéss than 200 mésﬁs'in;suspeﬂéion.‘
Pulverizeé coal furnaces have a number of arrangements of the burners—-
for exa.ple, front- and corner-mounted. The only other type of boiler ;
furnace currently in use in commerical utility boilers is the cyclone |
furnace which burns crushed coal [< 6.35 to 9.52 mm (0.25 to 0.37 in)].

Thélmanufacturers of cyclone furnaces have a number of criteria for de- |
termining the suitability of a given coal for use in the cyclone furnace.
These include constraints on volatile matter, ash content, ash viscosity,
sulfur content, and iron to-calcium—plus-magnesium ratio. The three

ECAS-spécified coals vere examined and found to meet all the criterié for

cyclone furnace suitability.
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A third type of coal-fired boiler which is under development
uses fluidized bed combustion. In the fluidized bed boller concept,
crushed coal [< 6.35 mm (0.25 in)] is burned in a fluidized bed in which
boiler tubes are submerged. The bed enclosure would probably be of

waterswall construction. The advantages of the fiuidized bed boiler are:
e High bed-side convection heat tramnsfer coefficients

# Abllity to incorporate sorbents in the bed to remove

the sulfur during the combustion process

# An operating temperature range of about 1006 to 1283°K
{1350 to 1850°F). These low combustion temperatures

give near-zero fixations of f£ree nitrogen.

e Corrosion of the boiler tubes submerged in a fluidized
bed 1s less than in a conventional boiler, as indi-

cated by small-scale test results. This may make the
use of steam superheat and reheat temperatures higher
than the 811 to B66°K (1000 to 1100°F) currently used

value for conventional bollers economically feasible.

Boiler furnaces can be classified according to the state of the
coal ash. Moét pulverized fuel furnaces operate with dry bottom ash; in
other words  the ash temperature is below the melting point. Pulverized
fuel furnaces, however, are sometimes designed to operate with wet bottoms
for utilization of coals with low melting points. Slagging operation is
ipherent in the cyglone furnace design. Fluidized bed combustion boilers

are necessarily nonslagging.

Boiler furnaces can also be classified according to operating
pressure. Conventional coal-fired furmaces of both pulverized fuel and
cyclone types operate at near-atmospheric pressures. Supercharged bgil-
ers have been operated on fuel oils principally in marine applicatioms.
The Velox is a well-known boiler of this type. In the Velox boiler, a
turboexpander is used only to drive the combustion air compressor. The

Velox concept has been applied to coal-firing in the high-pressure
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fluidized bed combustion boiler concept. There a power-generating gas

turbine is used to supply the combustion air for the supercharged boiler.

The conventional boiler efficiencies were calculated for each
of the ECAS coals in the as received condition and are given in Table 4.8.
Drying 1s required during pulverizing, but direct firing is assumed so
the evaporated moisture is retained in the combustion air. These effici-

encies are applicable to pulverized coal and cyclone furnaces.

Table 4.8 -~ Conventional Boller Efficiencies

Coal Iéifnﬁis Montana gg;ﬁ?a

Excess Air, # . 20 20 20
Moisture, % 13 24.3 36.7
Stack Temperature, °F 32c 260 260
Losses, %

Incomplete combustion 0.50 0.50 0.50

Radiation ' 0.10 0.10 0.10

Latent heat 5.14 6.35 9.20

Sensible heat 6.10 4 .60 5.06

Unaccounted & mfr. margin* 1.50 1.50 1.50

Total 13.34 13.05 16.36
Boiler Efficiency, % 86.66 86.95 83.64

*

This item is primarily a manufacturers margin on guaranteed per-
formance. To make heat rate calculations for conventional boilers
consistent with those of other power systems, it should be deleted.
It was recommended, therefore, that efficiency wvalues of B8.1i6,
88.45, and B5.14 be used for the above cases.

Boilgrrefficiencies were estimated for atmospheric-pressure flui-
dized bed boilers for each of the three ECAS coals in the as received con-
dition and are given in Table 4.9. Drying is also required duriag crushing,
but direct firing is assumed so the evaporated moisture is retained in the
combustion air.
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Table 4.9 — Atmospheric Efficiencies for
Fluidized Bed Boilers

Coal ' I1l. No. 6 Montana N. Dakota
Moisture 13.0 24.3 36.7
Excess Adr 20 20 20
Stack Temperature, °F 260 260 260
Loszes, %

Incomplete combustion 2.40 2.40 2.40
Radiation . 0.18 0.18 0.18
8rlids sensible 0.10 0.10 0.10
Latent heat 5.4 6.35 0.20
Sensible heat 4.70 4.60 5.06
Sulfur reactions 2.10 0.50 0.60 .
Unaccounted & mfr. margin*gﬁ 1.50 1.50
Total 16.12 15.63 19.04
Boiler efficiency, %
With margin 83.88 84.37 80.94
Without margin 85.38 85.87 82.46

*

This item is primarily a wanufacturers margin on guaranteed yer-
formance. To make heat rate calculations consistent with those
of other power systems, it should be deleted.

The conventional boiler efficiency format is not applicable to
supercharged boilers. The procedure for calculating the plant heat rate
for supercharged boilers, including high-pressure fluidized bed boilers,
is as follows:

{(Heat to steam -+ heat to gas turbine)
LEV

Ideal fuel rate = [ (4.2)
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Ideal fuel rate ]

Plant heat rate (HHV) = [Combustion efficiency

[Highar heating value of fuel] (4.3)
Net plant power

(Heat to steam + heat to gas turbine)]
Het plant power

Plant heat rate (HHV) = [

[ (HEV/LHV) ’ ] . 5

Combustion efficiency

The combustion efficiencies for high-, intermediate~, and low-
Btu fuel gases from coal and for distillates from coal-derived liquid

were assumed to be 100%.

The combustion efficiencies for fluidized bed combustors with
once~through desulfurization were estimated for each nf the ECAS coals

and are given in Table 4.10.

Table 4.10 - Combustion Losses in Fluidized Bed Combustion

Illineois Montana North
Coals No. 6 Subbituminous Lakota
Bituminous Lignite
; Incomplete Combustion 1.5 % 1.5 % 1,5 %
Radiation Losses 0.15 0.15 0.15
Solids Sensible Heat 0.1 0.1 0.1
Desulfurization Reactions 2.1 0.5 0.6
TOTAL LOSSES 3.85% 2.25% 2,35%
Combustion Efficiency 96.157% 97.75% 97.65%

4-22




|
i
{
}

The pressure loss in a conventional burner for pulverized coal
is about 995 Pa (4 in Hzo) (1%Z) (Reference 4.7). Typical fan pressure
heads for the conventional pulverized ecoal boilers are shown in Table 4.11
(Reference 4.7).

Table 4.11 - Fan Pressure Levels

Fan AP-in H20
Primary 5.0
Forced Draft 10.0
Induced Draft 12.0

The allowance for fan power for conventional pulverized fuel boilers was
l%* of plant output power. The fan power requirements for cyclone fur-
nace boillers are about one-third greater'than for pulverized fuel boilers.
The fan power allowence for cyclone furnace boilers, therefore, is 1.3%

of plant output power.

The estimated preésure drops for the atmospheric-pressure flui-
dized bed boiler are shown in Table 4.12.

*

This does not include the pressure losses associated with flue pas de~
sulfurization. The total loss including an allowance for flue gas de-
sulfurization is 2.7%.
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Table 4.12 ~ Pressure Drops in Atmospheric Fluid Bed Boilers

(Reference 4.8) Gas-Side Pressure Drops, in HZO

Ducts 1.43
Distributor Plate 10.8
Bed 27.5
Convection Bank 0.1
Dust Collector 3.0
Alr Heater, Air Side 3.0
Air Heater, Gas Side 1.5
Electrostatic Precipitator 3.0
TOTAL 50.33 in H,0

2

The pressure drops across the distributor plate and the bed are shown to
be substential, so the overall pfessure losses are about double those of
a conventional pulverized coal boiler. The allowance for fan power for

atmospheric pressure fluidized bed boilers, therefore, is 2% of plant

output power.

The estimated pressure losses for the high-pressure fluidized
bed boiler are given in Table 4.13.

The overall pressure loss for supercharged boilers with conven-
tional burners 1s about 6% (Reference 4.3). For supercharged boilers the
effect of pressure loss on plant performance is manifested in the gas
turbine cycle performance. No allowance for fam or compressor powers to

overcome the pressure loss is required.

4.3.2.2 Gas Turbine Combustors

Gas turbine combustors can be classified according to configura-
tion and to fuel used. There are two basic combustor configurations (in-
tegrated and external). Industrial and utility gas turbines manufactured in
the United States use integrated combustors almost exclusively. Industrial

and utility gas turbines made in F-rope generally use external combustors.
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Table 4.13 ~ Pressure Drop Through a Pressurized
Fluidized Bed Boiler (Reference 4.8)

Component AR/JP.Z
Adr Outlet Transitiom 0.75
Piping between Transition and Boiler 0.20
Control Valves im Open Position 0.10
Internal Air Passages to Plenum 0.05
Distribution Plate ' 1.00
Bed 3.10
Internal Gas Passage to Inlet of First-
Stapge Coll ctor 0.10
First-Stage Collector 0.50
Second-Stage Collector 0.50
Third-Stage Colliector .75
Piping from Third-Stage Separator to
Transition 0.20
fot Gas Inlet Transition 0.78
TOTAL 8.00
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Integrated combustors have volumetric constraints but avoid the high-
temperature ducting problem associated with external combustors.
Higtorically, United States gas turbines have operated witn turbine
inlet temperatures several hundred degrees higher than those used in

European gas turbines.

Commercial gas turbine combustors are nominally designed for
operation on natural gas and/or No. 2 distillate but will operate
satisfactorily on most crude oils and on tre..ed residual oils. These
conventional combustors axe applicable to high-and intermediate~Btu fuel
gas from coal and to distillates from coal-derived liquids. External
combustors whiéh had to be developed for use with blast furnace gas are
applicable to low-Btu fuel gas produced by a gasifier with either hot or
cold gas cleanup. The integrated combustor will probably be suitable for
hot low-Btu fuel gas but may not be suitable for cold low-Btu fuel gas.

The higher heating value of the fuel gas from air blast coal
gasification processes is in the range of from 3.725 to 6.519 MI/std m3
(100 to 175 Btu/scf), while that cf blast furnace gas is from 2.980 to 3,352
MI/std m3 (80 to 90 Btu/scf). More importantly, the hydrogen content of
low-Btu Fuel gas is about an order of magnitude higher than that of blast
furnace gas. It is possible, therefore, that the integrated gas turbine
combustor will also be applicable to cold low-Btu fuel gas. The develop-
ment of gas turbine_combustors for low~Btu fuel gas over a range of inlet

temperature is currently under way at the Westinghouse Research Laboratories.

Direct use of pulverized coal in gas turbine combustors has been
investigated extensively in the United States and Australia without sv.cess.
During the 20~year perioé starting in 1945, the Locomotive Development
Committee (LDC) and later the Bureau of Mines (BOM), Morgantowﬁ, tested
.a coal-fired gas turbine intended for locomotive application (References 4.9
and 4;10). The rate of erosion of the turbine vanes and blades was so
high that they concluded the concept was not economically feasible.

Volume constraints on gag—cleaning equipment probably made a significant

contribution to the high erosion rztes.
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More recently, the Australians spent sbout 10 years trying to
develop a gas turbine which would operate on brown coal, but with 1imited

success (Reference 4.12).

Currently, Combuct+ion Power is investigating the feasibility
of burning coal in a gas turbine with a fluidized bed combustor (Reference
4,13). Earlier tests of the unit, using prepared refuse, indicated that the
erosion problem may be significantly less than with the pulverized coal
combustors used ia the LDC test unit. The deposition of alumina derived
from aluminum foil in the refuse, however, presented a serious problem which
should not exist with coal. This coal-fired gas tufbine with the fluidized
bed combustor may be more successful than the earlier units with pulverized
coal combustors for two reasons. First, the physical properties of the
ash from the fluidized bed combustor are considerably different from those
from a pulverized coal combustor. Ash particles from the fluidized bed
combustor are fraglle flakes rather than the hard cenospheres from pulveri-
zed coal combustion. Secondly, significant advances have been made in
particulate removal technology since the earlier levelopment programs.
In addition, the fluidized bed combustor is capable of In-bed

desulfurization.

A typical pressure loss for an integrated gas turbine combustor
is 5.5% (Reference 4.14). This is also considered to be applicable to an
external gas turbine combustor.

4.3.2.3 Burners for Supplemental Firing of Heat Recovery $team
Generators

There are two types of afterburners for heat recovery steam
generators. One type operates on 100% vitiated combustion air and is
suirable for application to high- and intermediate~Btu fuel gases and to
distillates from coal-derived liguids. The second type uses supplemental
combustion alr, either partially or wholly. While the second type can be
used for the above listed fuels, it is probably mandatory with low-Btu
fuel gas. The pressure loss of an afterburmer for firing a beat recovery

steam generator is about 1% (Reference 4.14).
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The combustion efficiencies for afterburners for heat recovery
steam generators burning high—, intermediate-, and low-Btu fuel gases,

and distillates from coal-derived liquid, were assumed to be 98%.

4,3,2,.4 Pressurized Fired Heaters

All of the closed-cycle power systems studied considered pressurized-
fired heaters as one of the configuratiorm options. Figure 4.6 is a
schematic diagram of the pressurized combustor subsystem for fired heater
application of coal or coal-derived fuels. As shovm in Figure 4,6, there
are two points at which heat can be transferred from the pressurized
combustor subsystem to the primary power cycle: directly from the combustor

and from the stack-gas cooler.

A computer program was written to calculate the performance of a
pressurized combustor subsystem. This program was used to make a parametric
analysis of this subsystem to determine the effects of turbine inlet
temperature, compressor pressure ratio, air equivalence ratio, and
recuperator effectiveness on the quantities of heat available from the
combustor and the stack—gés cooler and the power generated by the gas
turbine generator. The fuel used for these runs was Illinois No. 6

.

bituminous coal, dried to a moisture content of 3%.

The assumptions made for the characteristics of the various

components of this subsystem are as follows:

e Ambient conditiomns:

Pressure = 101.3 kPa (14.7 psi) abs
Dry bulb temp. = 307°K (93°F)
Wet bulb temp. = 298°K (77°F)

e Compressor:

Inlet duct AF/P = 0.0075
n, = 1/(1.0983 + 0.004622 x PR) -0.0242
PR - treated parametrically

e Recuperator:

AP/P (cold side) = 0.0
AP/P (hot side) = 0.0
Effectiveness (EREC) = treated parametrically

4-29




s Combustor:

Type - fluidized bed with in-bed desulfurization and
heat exchangers

Efficiency = 96% (includes effect of desulfurization)’
APB/P -~ treated parametrically

Air equivalence ratio -~ treated parametrically

o Tuzrbine:

n = 0.89 . .
tpoly
Cooling air fraction (Z) = (T(5) — 1280)/6400

Tnlet temperature (T(5)) — treated parametrically
e Stack-gas cooler:

AP/P = 0.03
Outlet temperature - 422°K (300°F) “

e Exit ducting:

L]

AP/P = 0,0039
The values used for the parametric variables are as follows:

@ Turbine inlet temperature (T(5))
1200%, 1500, 1800, and 2100° °F
e Compressor pressure ratio (PR)
5, 10, 15, and 20
s Air equivalence ratio (4

c air)
1.0, 1.27, 2.0, and 3.0

@ Combustor pressure loss, Ap/p
0.03, 0.06, and 0,09

& Recuperator effectiveness (c

0, 0.8, 0.9, and 0.95

REC)

8The minimum operating temperature for a fluidized bed combustor with
in-bed desulfurization is about 978°K (1300°F). TFor those cases where

the turbine inlet temperature is less than 978°K (1300°F), it is assumed
that the bed temperature would be 978°K (1300°F) and that there would be

a convection-type heat exchanger to cool the products of combustion to

the turbine inlet temperature after they leave the fluidized bed combustor.
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The results of this parametric study are given in Tables 4.14 through 4.17,
The trends exhibited here are generally applicable to all fuels and
comhustion apparatus. However, there are a2 few differences among the fuels
and types of combustion apparatus. It was noted above that the minimum
value of ¢air for fluidized bed combustion of solid fuels is 1.2. For
distillate fuel combustors the minimum ¢air is 1,10 to 1.153, and for high-
Btu gaseous fuel combustors it is 1,05 to 1.10. Since the heat available
froﬁ the combustor (ql) is a rather strong function of ¢air for values near

1.0, the effect of fuel type on ql/wa at minimum ¢ . is significant.

The pressure loss in the combustor/heat exchanger will vary
significantly with coshustor type. For fluidized bed combustion with in-
bed heat tranafer surface, the estimated pressure loss is about 8%Z. For
a clean liquid or for gaseous fuel combustors and a conventional heat ex-
changer, the pressure loss may be as low as 6%. It is shown, however, in
Table 4.16 that the 5 and g values are a weak function of this pressure

loss. Gas turbine power is shown to decrease about 1% for each 1% increase

in combustor pressure loss.

Mechanical design of the gas turbine limits the turbine exit
temperature to about 811°K (1000°F). 3In a number of the cases with high

turbine inlet temperatures and low pressure ratios, the turbine outlet

bThe maximum operating temperature for fluidized bed combustion with
in~bed desulfurlzation is about 1283°K (1850°F). ‘This temperature was
used only to determine gemeral trends.

®fhis is comsidered to be the minimum value of air equivalence ratio for
fluidized bed combustion.

d
The estimated pressure loss for the fluidized bed combustor with in-bed
desulfurization and heat exchanger is 9%.
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TABLE 4, 14— EFFECT GF AIR EQUIVALENCE RATIO AND TURBINE INLET TEMPERATURE

Dwp. 1672883

Fuel Iifinois No. 6 Bituminous Coal -

Moisture, % 3

(W Walgt .109 —

My .96 -t

Bair 1.2 20 30 12 20 3.0 L0 12 2.0 3.0 L2 2.0 3.0
PR 15

T(5), °F 1200 1500 w1800 2100 -

Erec 0 0.8

APh’P 0.0

03/ Wy, Btuflb. 907.4 | 505.3 | 303.6 {783.5 | 400.2 | 207.8 | 845.4 | 663.6 | 299.1 } 1165 [572.7 |231.4 | €040
thed, F 1300 = 1500 = 1800 2100

Qgf Wa, Btu/Ib S5L3 | 441 | 40.9 - 16B.4 [97.70 | 9271 |1624 !157.3 |147.4 | 142.8 |177.3 |164.5 | 158.5
tg, °F 483 | 455 457 682 661 &52 853 349 89 835 918 | 901 893
i, F 300

P/ Wy, kWi Ibfs) 30.73 | 2437 |20.85 6253 |55.14 |5L07 | 89.84 [ 8504 |77.54 73,2} |107.5 {99.20 | 94.41
(W W3 doverali 0.0946 |0,0568 {0,0378 | 0.0914] 0.0549 | 0.0366 | 0,1065 | 0.0869 | 0,0522 | 0,0348] 0. 0823 0.0495| 0,0329
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TABLE 4,15~ EFFECT OF RECUPERATOR EFFECTIVENESS AND COMBUéTOR!HEAT EXCHANGER PRESSURE LOSS

Fuel Minais e 6 Rituminoys Coal —
Moisture, % 3 - -
(We/Wabsy ey : -
My .% » -
Bair L2

PR 15 - -
Tisy, o 1800 2100 - 1800

€roc o [os |09 [0 | 0 |08 |09 |05 0.8 -
APy/P 0.09 0.09 | 0.06 | 0.03
/W, Biu/lb. 654.3 | 663.6 | 664.7 | 665.3 | 532.4 | 572.7 | 577.8 | 580.4 663.4 | 6617 | 660,0
thed. °F 1860 2100 1800 -
GofW,, Btuflb | 1616 | 157.3 | 1562 | 155.7 | 212.4 | 7.3 | 1723 | 169.6 152.4 | 156.5 | 155.6
lo, 863 | B49 | 815 | 843 | 1033 | 918 | oo | 892 89 | 816 | a3
tyg. ¥ 300 -
prw, kWit 10,16 | m.04 » 112.8 | 107.5 - 897 | 87.71 | 90.33
- Wodogeral |- 0869 >l 0825 i 0869 |
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TABLE 4.16— FFFECT OF COMPRESSOR PRESSURE RATIO - NO RECUPERATOR

Dug tE72085

Ilii'nofs No.' 6 Bllun;inuus C;xal

Fuel -
Maisture. % 3 >
(W £ Wolgt . 109 !

Ty .% -
Bair L2 -
PR 5 10 15 20 5 10 15 20 5 19 15 20 5 10 15 20
T(5), °r * 1200 = 1500 w1800 2100 -
Erec 0 -
APH P 0.09

q 1! W, Btu/lb, BIL0 | 868 4] 907.4 | 94L5| 6913 | 7459 | 783.5 | 816.5 | 566.6 | 618.5 [ 694.3 | 685.7 | 449.1 [ 498.4 |53L4 | 5622
toeg, F 1300 = 1500 |— 1800 = 2100 >
q4/W,, Btuflb, e8| 70.2 | 5L3 | 33.2 [ 1930 | 1366 | 1084 |80.66 |255.0 {1928 [161.6 |141.8 {309.6 | 245.8 | 2124 | 1925
tg, °F 750 580 | 483 419 968 T 632 617 1169 966 | 863 796 1345 1142 | 1033 | 968
tio, °F 300

BW,, kWi Ibfs) 49.03 |42.00 {3073 |14.45 | 69,51 |72.18 |62.53 |48.14 {84.45 |94,92 |90.16 :7B. 44 |98.7 (1134 |1128 (1028
(W"I Waioverau . 0945 -, 9914 Lot I {]869 - OBE -
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TABLE 4, 17 EFFECT OF COMPRESSOR PRESSURE RATIO - WITH RECUPERATOR

Fuel Tllinois No. 6 Bituminous Coal

Moisture, % 3 d ol
(W / Watst . 109 -

Ny .96

Bair 1.2 1 il
PR 5 » 10 5 10 15 5 0w |15 0

T(5), °F 1200 | 1500 F——w, 1800 = 2100 "
Erec 0.8 -
APy/P 0.09

| qy/W,, Btu/lb. g74.2 | 795.8 | 768.1 { 705.6 | 676.3 | 663.6 | 614.5 | 586.3 | 572.7 ]566.3
tyeg, F 1300 | 1500 = 1800 w7100

q5/ W, Btu/b. 7.2 | 94.89| 119.0 | 1222 | 10.1 | 157.3)150.7 | 163.7 | 177.3 [ 193.0
tg, °F 552 | 635 | 718 | 730 | 79n | %49 | &8 | &2 | 18 | 970
tig. °F 1300 >
PIW,, kW/tIb/s) 44,30 {63.92 | 67.49 | s 14 | 89.68 | 85.04 | 92.0 [107.5 98 0
(Wi Wadgveratl L9046 {.0914 w0859 > 0825
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temperature exceeds 811°K (1000°F). These cases, therefore, may be only

of academic interest.

A schematic diagram of a pressurized combustor subsystem with
integrated low-Btu gasification is shown in Figure 4.7. In this configura-
tion there is an additional source of waste heat available from the process

air cooler ahead of the booster compressor.

A wide selection of commercial combustors is available for
application to pressurized fired heaters. These are applicable to high-
and intermediate-Btu fuel gases, coal-derived liquids, low-Btu fuel gas,
and solid fuels. Fluidized bed combustors are also applicable to fired
heaters for direct combustion of coal. Conventional burners of the cell
or circular register types were assumed for use with high-, intermediate-,
and low-Btu fuel gases and distillates from coal-derived liquids,
Fluidized bed combustion was assumed for direct firing of coal.

The combustion efficiencies for high-, intermediate-, and low-
Btu fuel pases and for distillates from coal-derived liquids were assumed
to be 100%. The combustion efficiencies for fluidized bed combusticn of
each of the three coals are given in Table 4,10,

The conventional burners {cell and circular register types)
have pressure drops in the range of from 1 to 2%. The fluidized bed

conbustors have estimated pressure drops of aboat 8%,

4.3.2.5 Burners for MHD Systems

Open—-Cycle MHD Combustion Design

Combustion chambers such as may be used for pilot plants or
first-generation MHD power plants are discussed here. Although experience
with such plants is lacking, there is a body of technology regarding gas
and 0il combustion systems (References 4.15 and 4.16).

Gas fired furnaces for high output temperatures can be made with
zirconium oxlide liners (Reference 4.17). Operation is found to be highly
satisfactory.
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A fairly reliable system is that in which ome has a vortex flow,
followed by a blending region to minimize the swirl of gases entering the
generator. It may be advisable to use opposed burners to eliminate swirls,

as in Figure 4.8.

In cyclonic combustion chambers using liquid or gaseous fuels,
the fuel is normally injected from a2 source at the center of the upstream
end plate. With liquid fuels a swirl-type atomizer can be uted, Some
primary alr admission around the burner is desirable, With gaseous fuels
a multiple port injector is appropriate but with swirling primary air to

improve circumferential uniformity.

Alternatively to vortex combustors, straight-through plug-flow
burners may be used. In such burmers, the burning takes place throughout
the volume, and 2 volume basis for loading designation is appropriate.

An example of a combustor of this type is the oil=-burning rh.amber used in
the British Marchwood experiments (Reference 4.18). The ultimate goal

was a 2000 Mit (6.825 x 10°
ceded by a 60 MWt {2.047 = 10 Btu/hr} plant. To assure a sound design
for the 60 MWt (2.047 x 10 Btu/hr) unit, an experimental rig was first

Btu/hr) power plant, and this was to be pre-

designed and operated with the following parameters:

Total thermal input 12 My
Assumed residence time 50 ms

L/D ratio of combustor - 531
Diameter of chamber 6.33 m
Length of chamber 1.53 m
Maximum operating pressure 9 atm

Alr preheat 1700°F
Equivalent ratio {(design) 1.025
Oil-heating value {(HHV) 52.9 Mi/kg
Design airflew 2.9 kg/s.

The thermal input here includes the air preheat energy. The thermal

input from the fuel oil zlone is about 9 MW (3.071 x 107 Btu/hr) The chamber
is of cylindrical form with water-cooled metal walls (11 Cr, 0.6 Ni, 0.8 Mo,
0.25 V). A single oil burner (Babcock & Wilcox Mark P Simplex) with a

4-3%
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water-cooled jacket was used. Best results were obtained with an inverted
"flower pot" —type mixer with eight radial air admission heoles, the ring of
hoies being about 0.1 m (3.9 in) below the buyner. When operated in a plug~
flow mode (without the mixer) the combustion was incomplete and very smoky.
Typical test conditions im the stirred node were 2.64 kg/s (5.82 1lb/s) air
and 0.195 kg/s (0.43 1b/s) oil. Heat fluxes averagad about 1 MW/m2

(3.17 = 105 Btu/hr-ftz) in the combustion chamber. {Calculated value with
unit emissivity was 4.7 Mwlm2 (1.49 % 106 Btu/hr—ftz), which included the
0.6 MN/m2 (1.9 x 105 Btu/hr—ftz) convective portion.) A flame temperature
of about 2700°K (4400°F) was measured with a 1500°K (2240°F) preheat. A

general sketch is shown in Figure 4.9.

In the Russian U~02 test facility's latest modification
(Reference 4.19), experimental high-intensity combustors have been oper-
ated on natural gas at heat release rates up to 4016 W/m3 Pa (407 HI-J/m3
atm or 39.33 x 106 Btu/hr—ft3 atm) or 1145 ‘l-I/m3 Pa (116 MW/m2 atm orx
36.78 = 106 Btu/ht-ft2 atm). Losses due to incomplete combustion were
1.5 to 3%, This is apparently a vortex-type combustor with zirconia
lining. The unit has run over 3.6 Ms (1000 hr).

The Russian U-25 combustor (25 MW-MHD) burms 4.75 kg/s natural gas
with 2 preheated mixture of 10.2 kg/s of oxygen, 33.7 kg/s air, and 1.35 kg/s
recycled seed solution. Combustion takes place at 278.6 kPa (2.75 atm),
and the outlet temperature is 2870°K (4706°F). In this case a ram-jet type
burner is used, Gas is injected through narrow lougitudinal slots in the
side wall upstream of an array of water-cocled tubes which serve as a

radiation screen as well :s flame anchors (Reference 4.20).

Combustion systems for ccal which send the ash through the
generator duct have been studied by the AVCG Corporation and by the CEGB
group in England. The former used what is referred to as a ram—-jet type
combustor, as it involves flame holders to anchor the flame in a mixture of
pulverized coal and air (Figure 4.10). The investigators in England favor
a plug-type burner similar in some respects to that of AVCO. In both cases

satisfactory combustion of coal was obtained (References 4.18 and 4.21).
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If ash is sent directly through the generator there may well be
condensation of the ash constituents in the downstream section. There
can also be condensation even in the upstream section on cooled walls.
The behavior of the generator when coated with layers of slag (Reference
4,22),which is electrically conducting at high temperatures, will most
certainly be impaired. It seems appropriate, therefore, to consider means
of assuring slag-free flow in the generator. This may be accomplished by

use of a cyclone combustor.

Conventional cyclone furmaces (e.g., those of the Babcock and
Wilcox Company) will remove 80 to 90% of the coal ash as liquid slag.
Temperatures in the cyclone chamber will be 2000 to 2100°K (3140 to 3320°F).
It is important that the mean temperature exceed by a margin of z few hundred
degrees the value T250 (i.e., the temperature at which the slag viscosity
is 250 poises). It is important to continually drain the slag away, to
prevent excessive accumulation in the chamber, and to emnsure removal of
liquid iron. Liquid iron is most 1likely to appear in reducing atmospheres.
S8light excess air (about 10%) is, therefore, desirable in the cyclone
furnace. A sketch of a conventional cyclone furnace as used by the German
Babcock and Wilcox Company is shown‘in Figure 4.11. The coal as well as
the alr are brought in from secant admission ports. The coal injection
is along a secant (rather than tangential) to prevent erosion by particle
scouring of the inner surface., Typically the coal fed‘to cyclone furnaces
is crushed to 50% less than 800 um (31.5 mils). Cyclone chambers, because
of the high temperatures prevailling, are capable of burmning a wide‘variety
of coals, ranging from lignite to ahthracite, and even coal/water slurries.
They can alsc be operated on gas or'oil. The ability to retain 80 to 90%
of the ash is of considerable advantage in reducing fouling in the boller,
and facilitating final stack-gas cleanup. )

The product of the volumetric heat release rate and the diameter of
a conventional cyclones, as reported by Seidl (References 4.23 and 4.24) is

approximately:

gh = 8.8 Mwlmz or 2.8 x 106 Btu/hr—ft2
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where q is the volumetric heat release rate and D is chamber diameter.

For chambers of L/D = 1.5 this is equivalent to:

% = 13,2 MW/m2 or 4.2 % 106 Btu/hr—ft2

where Q is heat release rate and A is chamber cross—-sectional area. The
above relations are equivalent to the statement that q/Q is constant at
the limiting thermal loading. Reference may be made to Figure 4.12 from
Seidl (Reference 4.24),

Flow patterns in cyclone chambers generally show an annular
region of upstream swirling flow surrounding a core re,.on flowing down-
stream. In the core region, near the outlet, there may also be a re-
versal of flow, since a low-pressure region exists at the center of the

vortex. Tyvplcal flow patterns (Reference 4.23)} are shown in Figure 4.13,

In application of the cyclone combustion chamber techmique to
the MHD power plant we must seek to develop outlet temperatures close
to 2700°K (4400°F). Such high temperatwres are, of course, attainable by
air preheating or oxygen enrichment. However, a problem would arise with
excessive vaporization of the ash constituents and a resultant increasz in
ash carry-over. Therefore, one may use a two-stage cyclone combustion
system (Reference 4.23), where the ash is removed in the first-stage

cyclone before the hipghest temperatures are reached.

The heat transferred to the wall depends on a balance between
heat received (mainly by radiation) and heat transferred through the slag
layers by conduction. There will also be some heat consumed in the partial
vaporization of the slag. A thicker slag layer tends to reduce the heat
transported. It was showm theoretically by Cohen and Reid (Reference 4,26)
that for given slag-flow properties {(e.g., viscosity) the heat transferred

through the wall tends to vary as the (slag-flow rate)ul/B.

In the excellent
review paper of Roberts (Reference 4.27), results of several other investi-
gators are reported. For example, Marshak tested vertical eyclones and found
the heat flux decreased by 40% when the ash quantity was increased by 110%.
The percentage of heat loss was about 5% for the lower slag flow., Other in-

vestigators have also generally observed as 4 to 5% heat loss.
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An interesting MHD coal combustor experiment has been reported.
Tager et al. (Reference 4.28) report tests with a vertical cyclone burn-
ing pulverized coal with an outlet temperature of 2573°K (4172°F). A
sketch is reproduced in Figure 4.14, This chamber, running at 101.3 kPa
{1 atm), had 2 heat release of 20 MW/m2 (6.34 x 106 Btu/hr—ftz), and it Is
estimated it would have a capacity of 100 Mi/m® (31.7 x 10% Bru/hr-£¢?) at
0.506 MPa (5 atm). It retains 80% of the coal ash at 101.3 kPa (1 atm).

Increase of pressure should increase ash retention capability.

We should mention, finally, MHD systems using cecal as fuel
which tramsform the coal into a clean fuel gas. In principle we could
consider, again, the two-stage cyclone with the first stage operating as
a gasifier. Thus, the first stage of the two-stage system could be oper-
ated at equivalence ratio ¢afr’ of about 0.6. It would be an air-blown gas
producer and would use no steam. (We wish to keep hydrogen input to a
minimum). A gas, consisting of carbon monoxide, carbon dicxide, and ni-
trogen, with a little hydrogen, would be generated. This gas would then be
burned in the second-stage combustion chamber. Such arrangements have been
considered from time to time by various investigators (References 4.29
and 4.30).

In the work in England in connection with the Marchwood proje:t
(Reference 4.18), both gasifying and nongasifying coal combustion systems
were counsidered. Schematic diagrams are shown in Figure 4.15, The short
time scale imposed in the British effort required concentration on a single-
stage system, although it was felt that ultimately a two-stage arrangement
might be preferable. It was also felt that an axial flow combustor, with
turbulent plug flow, would yield higher volumétric heat release in large
units, since cyclone burners tend to follow the energy per unit area
loading criterion. Therefore, an axial flow combustor of the general
configuration shown in Figure 4.16 was used in experimentq to establish
the design for the 60 MWt (2.047 x 108 Btu/hx) power plant. The approach-
ing air stream, however, was given a moderate swirl. The coal injector
was a2 small cup that contained a high-speed vortex of the coal and air
mixture, which emerged from the upstream face in counterflow to the main

air stream. Seed (dry) was injected axially. The baffle device downstream
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Table 4.18 - Typical Conditions and Performance of Pilot-Scale
Combustor and Proposed 60 MW Combustor

60 MW Unit Pilot Unit
Total alr + oxygen, kg/s 19.2 0.88
Fraction of oxidant for coal dispersion, % 3 5
Oxygen concentration in oxidant, Z wt. 29 33
Oxidant preheat, °K 1470 1470
Oxidant equiv. ratio, ¢ 1.05 1.04
Coal - size index 90%Z-75 um 90%-75 um
mass flow kg/s 2.6 0.13
thermal input, MW 73 3.8
ash content, % 10 10
ash silica ratio, % 80 81
seed dry K,80, dry K2804
concentration in gas, mole Z K 0.5 1.0
Combustor pressﬁre, atm 5 5
Gas residence time, ms 45 48
Gas velocity, um/e A5 21
Volume, m 1.4 0.07
Wall area, m” 7.9 1.00
Surface area of baffle, m2 0.7 0.15
Combustion intensity, Mwlm3 52 52
Performance -
% carbon reacted 97.5 98
heat tran<fer to walls, Mulmz 0.660 0.440
heat transfer to baffle, Mi/m’ 0.940 0.580
losses — % thermal input
cooling combustor 10 18
seed evaporation 3.5 6
heat to slag 3.5 3
outlet temperature, °K 2690 2640

NOTE: Since the heat invested in the seed and slag components remains

in the gas stream it is not necessary to regard these heat
quantities as "losses", as long as they are taken into

consideration in calculating flame temperature.
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of the injector was found necessary for good mixing. Some data on typical
operating con’ s for this experimental combustor, in comparison with
conditions £¢ . o0 MWt (2.047 x 108 Btu/hr) plant are shown in

Table 4.18.

Status of the MHD Combustion Froblem

Combustion chambers for liquid or gaseous fuels can be designed
and built for MHD systems either by following the principles of vortex
burner design or by using a straight-through flow with a mixing device at
the upstream end. With vortex burners, heat releases of up to
3947.7 w/mZ—Pa (1.268 x 108 Btu!hr—ftz—atm) can be obtained in laboratory-~
scale combustors and over 986.9 w/mz—Pa (3.1705 = 107 Btu/hr—ftz—atm) in

combustors where pressure loss is a more important comsideration.

For coal-fired combustion chambers, experimental work both in the
U.S, and the United Kingdom with ram—jet or plug-flow type combustors has
shown that coal can be burned successfully. With this type of burmer all
the ash is carried through the MHD generator. To avoid the ash carry-over,
cyclone~type chambers which retain a major part of the slag have been
investigated. The single-stage chamber at the Krzyzanovsky Power Institute
has been successful in retaining 80% of the ash. Two-stape cyclones
{(with the first stage serving as a gasifier) have been proposed, as have two-
stage systems with the first stage running with excess air. The former
appears to be the most promising for direct ccal firing, since it does not
need a supplemental supply of clean fuel for the second stage. Expevimen-
tal programs with two-stage cyclone combustors have been virtually nonex-
istent, and it is hoped that this situatiom will be rectified in the near
future. This type of combustor appears to offer the best prospect for early

realization of coal firing in an MHD generator system.

Another topic of great importance for MHD is the perfection of
sujitable gasification units for production of a clean gas from coal or char.
Of particular interest is a gas producer which reacts hot exhaust products
with coal or char to give a fuel gas of high carbon monoxide concentration.

This is the method referred to as chemical regeneration. It makes possible
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TABLE 4, 19— SUMMARY OF COMBU'STION/ FURNACE TECHNOLOGY & APPLICATIONS

Pulverized Coal Derived Liquid, High Btu Fuel
Cycle Concant Coal & Char Crushed Coal & Char Gas, Inter. Biu Fuel Gas Low Btu Fuel Gas
y P Conventionalf Cyclone | Fluid Bed |Conventional Swirt  [Conv.GT.|Blast Furn.GasI Spec. £,. T, Combustor
Burnerst 1) [Furnace | Combustion ; Burnerst! [Combustor [Int.]JExt.| Type Burner |lntegrited | External
Opegaitffrct:ﬁirsamd Xl c fey ) (e
e () ¢ e X (e
Closed-Cycle )
Gas Turbines (c tCh X ¢ ¢
Advanced Steam
Cycles o (C) X ic c X
Metal Vapor
Topping Cycles (4] 1C) X (0 C
Open-Cycle MHD X ¢ X o
C losed-Cycle MHD 1Cl C
Liguid-Metal MHD o o X {C) (19
Fuel Celis Not Applicable

¢ —Commercial Technology Exists which is Applicable

LC —Commercial For Limited Range of Operating Conditions
¥ — Experimental Program Currently Active

{ } —Nol Applied in This Study

(1) Principal Types are Cell and Circular Register Burners




an appreciable advance ir cycle efficiency and reduction of air preheat
temperatures. The problems to be solved relate to isclatiom of seed from

ash or slag, and achievement of compact size for the gasifier.

Combustor Performance

In the design of the cyclone combustor for MiD use, several
parameters were fixed at levels which the literature indicated to be
realistically attainable., Among these parameters were combustion effici-
ency, pressure loss, ash retention, combustor heat losses, and combustor
loading. Combustion efficiency in an MHD combustor is related to the
attainment of proper fuel air mixtures in the combustion zone. Proper
mixing is essential because the combustor, operating at am air equiva-
lence ratio of 0.95, is fuel xich. The actual heat released by combus-
tion of the given fuels with woist air, and including dissociation effects,
is determined as a function of temperature using a Westinghouse computer
program (MHD 2502). The entire heating value of the fuel is eventually
utilized by injecting air at the outlet of the generator to bring the air
equivalence ratio te 1.05. Pressure loss in the combustor was assumed to
be 50.66 kPa (0.5 atm), and ash retention was assumed to be a function of
the number of stages - 80% for one-stage, 90% for two-stage, and 95% for )
three-stage combustors. Combustor heat losses were assumed to be 5% of
the total heat input to the combustor. Combustor loading was taken from
the literature as a conservative 148 wimz-Pa (15 wam2 atm or 4.756 x
ldﬁ Btu}hr—ft2 atm). General construction weight, and installation (in-
cluding costs) of the combustors and mixers were determined with the aid
of the A/E comsultation group.

4.3.2,6 Summary of Combustior,Furnace Technology

Table 4.19 contains a summary of combustion/furnace technology
and applications for eight of the nine cycle concepts. Trnur fuel catego-
ries are included. For each fuel category the applicable combustion
equipment is identified. TFor each technically feasible combination of
cycle concept and combustion equipment type, the technology status is in-
dicated as commercial, limited commercial, or experimental. Those items

in parentheses are techniecally feasible but were not applied in this study.
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4.3.3 Eguipment Costs

The cost estimates for pulverized coal-fired steam boilers with
advanced steam conditions were provided by the Foster Wheeler Corporation
under subcontract and are included in Sections 12.5.1.1. The costs of the
coal burners and feeders were included in the boiler costs but were not

segregated.

No conventional cyclone furnaces were used im any of the power
systems considered in this study, so no estimates of costs were made., Cost
estimates were made for cell and circular register burners for atmospheric-
pressure applications with capacities up to about 14.65 MWt (50 x 106 Btu/hr)
(Reference 4.31). The estimated unit_cost for these burners is correlated

with capacity in the following expression (Reference 4.32).

]0.6

. t
Equipment cost = $2000 [ra deciggcityj {(4.5)

where the rated capacity is im Btu/hr, The installation costs are assumed

to be 50% of the equipment costs.

A correlation of equipment costs for internal-type gas turbine
combustors which are applicable to high- and intermediate-Btu fuel gas and

distillate from coal-derived liquids was prepared by the Westinghmgse Gas
Turbine Engine Division (Reference 4.32).

Cost estimates were prepared in a number of cases for combustor/
furnace subsystems which included equipment other than combustion equipment.
These subgystems included:

¢ Atrmospheric-pressure fluidized bed boilers
e High-pressure .inidized bed boilers

® Pressurized fired heater subsystems

e Atmospheric-pressure fired heaters

4.3.3.1 Cost Estimates for Atmospheric-Pressure Fluidized Bed
Boilers

The atmospheric-pressure fluidized bed boiler designs in this study
were based on the preliminary design of an atmospl.eric-pressure fluidized

bed boiler made by Westinghouse and Fester Wheeler in an EPA-funded program
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(Reference 4.8). Figure 4.17 shows an elevatlon drawing of the

atmospheric-pressure fluidized bed module.

Costs for 12 atmospheric fluidized bed boile . were estimated,
with special attention paid to the cost of pressure parts and its depen-

dence on steam conditions.

Surface area requirements were determined for the primary
loops and for each reheat section in each case., In order to simplify
these calculations, an average overall heat transfer coefficient was
assumed for each steam pressure, and an overall log mean temperature dif-
ference (IMID) for the primary loop was used. This method should not in-

troduce any significant error into the computations.

The most significant effect of different steam temperatures
and pressures on boiler cost is, of course, the relative costs of tube
materials appropriate for use with the various steam conditions. Since
the cases under consideration in this study involved a wide range of con-
ditions with various temperatures and pressures, a wethod was developed
to determine the effect of each parameter on tube cost. Five specific

cases were chosen for more detailed inspection.
1. 16.547 MPaf1033°K (2400 psi/1400°F)
2. 24,132 MPa/1033°K (3500 psi/1400°F) } pressure effect
3. 34.474 MPa/1033°K (5000 psi/1400°F)
G. 34,474 MPa/922°K (5000 psi/1200°F) temperature effect
5. 34.474 MPa/B11°K (5000 psi/1000°F)

Figures 4.18 through 4.20 give steam temperature profiles for
each of the five cases, with tube materisls identified and with the tube
wall thicknesses associated with each material. These plots were the
basis for calculating the averape tube cost per foot unit length (AIC).
Pressure and temperature factors were developed relative to a reference
case [34.473MPa/1033°K (5000 psi/1400°F)] so that an average tube cost

for any combination of primary loop steam conditioms could be determined.
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These multipliers are given in Figure 4.21. Their use is demonstrated as

follows:
e Given conditions = (3500 psi/1200°F)

e TReference Case ATC = ($21.30/ft) at (5000 psi/Ll400°F)

ATC 500071400y Fp) (i)
(21.30) (0.532) (0.32)

ATC 4500/1200)

§3.62/ft.

This corresponds very well with a cost arrived at through an

actual apportionment of materials.,

The sazme method was used to estimate tube costs for the reheat

section.

Application of this method to each case produced overall tube
and pressure parts costs. The same relationship between tube cost and
in-bed pressure parts cost was used as in the pressurized fluidized

bed boiler, that is:

Pressure Parts Cost = |1.6 (ATC) +

.25 [(0.705 ATC
0.705 2.58

0.3
] TTL (4.6}

where ATC = average tube cost, §/ft

TTL = total tube length, ft.

The economizer surface area was assumed to be equal to approxi-

mately 110% of t.e total in-bed heat transfer surface area.

The scope of component costs considered for the atmospheric-
pressure fluidized bed boiler included, in addition to pressure parts,
structural steel flues, ducts, and fans; home office and drafting costs;
coal preparation and feedings; air heaters; ducts to air heaters; forced
draft fans; some miscellaneous equipment; and steam generator erection.
These total costs are tabulated in Table 4.20 and are plotted in Figure 4.22

to give some idea of the effect of steam conditions on boiler cost.
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Table 4.20:

Installed Ecuipment Costs - Armospheric Fluldized Bed Boilers, 3

Case 1 2 3 4 5 6 7 3 9 10 11 12

5000/:000/ 5000/1200/ 5000/1400/ 5000/1000/ 3500/1000/ 3500/1200/ 3500/1400/ 3500/1200f/ 3500/1000 240071000/ 2400/1200/ 240071400

Ltem 100071000 1200/1200  1400/1400_ 120071400 1000 1200 1400 1400 1000 1200

gﬁi:“'e $8,476,000 10,365,000 19,593,000 10,542,000 6,915,600 6,189,700 14,439,700 10,451,000 11,998,300 5,882,000 6,427,700 8,013,500

Struccural 2,0 825,000 2,220,000 5,00 a0 8

Scoal 1,602,000 1,825, 2,220,000 1,895,000 1,700,000 1,850,000 2,185,000 1,985,000 2,120.00C 1,887,000 2,040,000 2,320,000

Flues, Ducts

insulation 1,705,000

Home Office | 554 pon

Drafting

Coal Prep.

& Feeding 5,320,000

Air Keater 3,360,000

Ducts ta 401,000

ALr heater *

E.D. Fans 1,089,000

Misc. 684,000

2:2::13:!1 5,010,000 6,050,000 9,900,000 6,300,000 4,630,000 5,195,000 7,830,000 6,150,000 6,820,000 4,290,000 4,570,080 S,300.000

Total 28,987,000 32,049,000 45,529,000 32,946,000 27,054,600 29,043,700 38,263,700 32,495,000 34,747,000 25,868,000 26,846,000 29,442,500
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4.3.3,2 Cost Estimates for Hiph-Pressure Fluidized Bed
Boilers

The high-pressure fluidized bed boiler designs in this study
were based on the design information compiled by Westinghouse and its sub-
contractors in EPA-funded programs on fluidized bed combustion
(References 4.34 and 4.84). Figure 4.23 shows the elevation drawing of a
module of a high-pressure fluidized bed beoiler which was made by Foster
Wheeler. Each boiler module has four beds with a submerged heat transfer
surface in each bed. The bed enclosures are water walls which are used
as evaporators. The power‘system consists of four boiler modules and two

gas tursbine modules.

Cost estimates were required for pressurized fluidized bed

boilers which would generate steam under the following conditions:

1. 24,132 MPa/811°K/811°K (3500 psi/1000°F/1000°F)
TIT = 1144°K (1600°TF)

2. 24.132 MPa/811°K/811°K (3300 psi/1000°F/1000°F)
TIT = 1200°K (1700°F)

3. 24.132 MPa/811°K/811°K (3500 psi/1000°F/1000°F)
TIT = 1255°K (1800°F)

4, 31.026 MPa/922°K/922°K (4500 psi/1200°F/1200°F)
TIT = 1200°K (1700°F)

5. 34.474 MPa/1033°K/1033°K (5000 psi/1400°F/1400°F)
TIT = 1200°K (1700°F).

For each of these five cases, cosii were developed for compres-
sor pressure vratios of 5, 8, 10, and 15. Further, the effects of higher
percent excess alr on boilevr cost were determined. Im all, sixty differ-
ent costs were computed to cover a wide range of boiler operating condi-

tions.

The equipment considered include pressure parts, coal and dolo-
mite preparation equipment, coal- and dolomite-feeding equipment, solid

waste disposal equipment, pressure vessels, and particulate removal




equipment. All costs are installed costs, with a breakdowm into equip-

ment and labor costs provided.

For each of the five basic sets of conditions, a base case was
chosen, and a design of the steam generator was carried cut with suffici-
ent detail to ensure that certain fundamental operating constraints of

fluidized bed boilers were wet. The base case parameters are as follows:
s (Compressor pressure ratio = 10 te 1
e Steam mass flow = 5304 kg/s (4 x lO6 1b/hr)
e Compressor airflow = 689.5 kg/s (1520 1lb/s)
# Alr equivalence ratio = 1.15

s Turbine cooling air fraction

{for TIT = 1144°K (1600°F)] = 6.1%
[for TIT = 1200°K (1700°F)] = 7.0%
[for TIT = 1255°K (1800°F)] = 7.9%,

In order to attain a reasonable measure of realism in the costs
obtained, as well as to delineate the bounds beyond which op@%ation of a
fluidized bed is not feasible, certain important factors were taken into
account in the reference boiler design: the reheat pass steam-side pres-
sure drop was fixed at 10% of the reheat inlet pressure; the superficial
velocity in the fluidized beds was constrained to a range between 1.83
and 2.44 m/s (6 and 8 ft/s); a drop in product gas temper.ture of approxi-
mately 83.3°K (150°F) in the water-wall duct between the bed exit and the
pressure vessel exit was assumed (except as noted); the maximum bed
operating temperature was assumed to be approximately 1283°K (1850°F) be-
cause of a deterioration in desulfurization reactions at temperatures ex-
ceeding that level; and tube wall thicknesses in the primarv tube banks
were kept below 0.94 cm (0.37 in) wherever possible. Further, it was as-
sumed that each bed would operate at the same air equivalence ratio; that
is, the air and fuel flow are matched to the heating duty of the individ-
uval bed. To simplify design the heating duty was divided equally among
the beds wherever possible., For the 31.026 MPa/922°K/922°K
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(4500 psi/L200°F/1200°F) and the 34.474 MPa/1033°K/1033°K - (5000 psi/
1400°F/1400°F) cases, the heat entering the steam in the reheat section
was less than one quarter of the total absorbed. To equalire heating
duty per bed, therefore (and, as a result, airflow and superficial velo-
city), the bottom portiom of what is nominally the reheat bed is filled
with a final bank of superheat tubes. This technique also serves to

reduce required bed depths to within acceptable limits.

The apportionment of heating duty in the three 24.132 MPa/
B11°K/811°K (3500 psi/l000°F/1000°F) cases was not so straightforward,
The reheat portion exceeds one quarter of the total heat absorbed. Since
placing reheat tubes in the superheat beds presents materials problems
during start-up, the air and ccal feed rates to the reheat beds were in-
creased to match the reheatlng requirement, resulting in cifferent super-
ficial velocities in the rsheat beds. Table 4.21 lists superficial
velocities in each of the four beds for the five basic operating condi-

tion sets for a pressure of 1.013 MPa (10 atm).

Bed dimemsions for each case were calculated from the product

gas flow, density, and an assumed superficial vedocity.,

Cross-sectional area = E%" {(4.7)
g
where m = the mass flow in 1h/s
p = the density in lb/ft3
\
Vg = the superficial velocity in ft/s.

Bed length is fixed by the horizontal tube pitch, the number of
loops 1in each tube bundle, and the number of tubes. The number oi tubes
was computed by balancing the reheat surface area requirement and the
specified pressure drop through the reheat tubes. Horizontal tube pitch
was lL:aken to be 8.89 cm (3.5 in).
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Bed depths, DB’ were obtained by an expression relating bad
width, WB’ tube pitch, P, and number of loops per tube bundle, X, to
tube length per foot of bed depth, Et':

L= = (4.8)

Table 4.22 lists the bed and vessel dimensions for the five basic operat-

ing condition sets for a pressure of 1.013 MPa (10 atm).

Table 4-21 - Superficial Velocities, in the Beds
of a Pressurized Fluidized Bed
Boiler Operating at 10 atm, ft/s

Case Bed 1 Bed 2 Bed 3 Reheat
3500 psi/1000°F/1000°F (1600°F)| 6.47 6.47 6.47 7
3500 psi/1000°F/1000°F (1700°F)) 6.65 6.65 6.65 7
3500 psi/1000°F/1000°F (1800°F)| 6.65 6.65 6.65 7
4500 psi/1200°F/1200°F (1700°F)] 6 6 1 6 6
5000 psi/1400°F/1400°F (1700°F)| 6 6 6 6

RIEPROTUCIRILITY OF THE
ORM: L AL-PALE IS POOR
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Table 4,22 - Pressurized Fluidized Bed Boiler Dimensions
(10 atm Operating Pressure), ft

Case ged Bed Vessel Vessel
Width | Length | Diameter | Height
3500 psi/1000°F/1000°F (1600°F)] 8.02 | 10.14 18.3 116.2
3500 psi/l000°F/1000°F (1700°F)| 8.65 9.77 18.7 106.1
3500 psi/1000°F/1000°F (1BOQ°F) 8.65 9.77 18.7 106.1
4500 ps1/1200°F/1200°F (1700°F) 11.350 8,17 19.65 112.4
5000 psi/1400°F/1400°F (1700°F) 16.55 5.69 19,85 118.8

Surface area requirements were calculated from the LMID, the
heat transfer required in a specified bed, and an overall heat transfer
coefficient. The last quantity was computed using an assumed bed-tube
heat transfer coefficient of 283.86 w/m2—°K (50 Bru/hr—ft2-°F) and a
steam-side coefficient arrived at through a computer program. Reheat and
water-wall tubes are 5.08 ¢m (2.0 in) od, and all other tubes are 3.81 cm
(1.5 in) od. The tubes aye arranged in ?nterlooped serpentine bundles of

four. The individuazl tube length is given by Equation 4.9;

s
_ {"h.t{{ %
% = {—ﬁ——][ﬂ 5 ] (4.9)
t
vhere Sh - heat transfer surface area for the specified bed
N = number of tubes
Dt = tube od.

Thus, the bed depth is given for each bed by Equation 4.10:

[/ (0) (MTD)] (X B,)

BD = ARSI (4.10)
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Table 4.23 lists the overall heat transfer coefficients for the
four beds and the water walls for each of the five basic operating condi-
tions sets for a pressure of 1.013 MPa (10 atm). Table 4.24 lists the

corresponding surface area requirements.

Originally, the specified gas turbine inlet temperature for the
31.026 MPa/922°K/922°K (4500 psi/1200°F/1200°F) and the 34.474 MPa/1033°K/
1033°K (5000 psi/1400°F/L400°F) cases was 1144°K (1600°F). It was found,
however, that, with the bed temperature which corresponds to this tem-
perature level [1228°K (1750°F)], LMTDs were so small that it was impossi-
ble to design a boiler with the very large surface area requirements
involved and still satisfy the 4.57 to 5.18 m (15 to 17 ft) constraint
upon bed depth.

Table 4.23 - Pressurized Fluidized Bed Boiler Overall Heat
Transfer Coefficients, Htu/hr-ft2-°F
(10 atm Operating Pressure)

Case Bed 1 Water Bed 2 Bed 3 Reheat
Walls
3500 psi/1000°F/1000°F {1600°F)|48.0 48.0 46.0 46.0 44,1

3500 psi/1000°F/1000°F (1700°F)|48.0 | 48.0 | 46.0 | 46.0 44.1
3500 psi/1000°F/1000°F (18C0°F)|48.0 | 48.0 | 46.0 | 46.0 44,1
4500 psi/1200°F/1200°F (1700°F)|48.5 | 48.5 | 48.0 | 46.5 46.0

5000 psi/1400°F/1400°F (1700°F)| 49.0 49.0 | 48.0 | 48.0 47.5
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Table 4.24 - Pressurized Fluidized Bed Boiler Surface
Area Requirements One Module, ft
{10 atm Operating Pressure)

Water

Case Bed 1 Walls

Bed 2 Bed 3 | Reheat

3500 psi/1000°F/1000°F (1600°F)|4355 3170 4955 5790 5725

3500 psi/1000°F¥/1000°F (1700°F)| 3640 2840 4130 4710 5084

3500 psi/1000°F/1000°F (1800°F)} 3640 2100 4130 4710 5084 i
4500 psi/1200°F/1200°F (1700°F)|4180 2971 4840 7415 5190
5000 psi/Ll400°F/1400°F (1700°F)|4280 2940 5000 7745 5020

By relsing the bed temperature to its maximum value of about 1283°K
(1850°F), corresponding to turbine inlet temperatures (TIT) of 1200°K
(1700°F), a design which met the bed depth limit was possible,

The high-pressure fluidized bad boiler preliminary design made
by Westinghouse/Foster Wheeler (Reference 4.8) utilized a2 water-wall duct
which shares a wall with the actual bed enclosure in order to collect and
transport the separate combustion product streams. This arrangement re-—
sults in a modest increase in heat transfer surface area (although the
effectiveness in this pass is roughly 25% of that of the actual bed water
wall). It also accounts for a temperature drop of 83.3°K (150°F) in the
product gases. As long as the vequired gas turbine inlet temperature is
1200°K (1700°F) or lower, this presents no problems. Since the maximum
obtainable bed temperature is 1283°K (1850°T), however, a TIT of greater
than 1200°K (1700°F) cannot be attained with a water-wall duct. For the
24,132 MPa/811°K/811°K (3500 psi/1000°F/1000°F) [TIT = 1256°K (1800°F)]
case, therefore, the water-wall duct was replaced by a refractory-lined
duct, thus reducing the temperature drop in the duct. Although this re-
duces the available heat transfer surface area in the water wall by 32%,

it necessitates only a 2% increase in surface area for the remainder of
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the boller, because of the relatively poor heat transfer which prevailed

in the eliminated section. Acecess to the duct for maintenance of the

.refractory is not seen to pvesent a problem. Costs for this refractory—

lined duct are based on am installed cost of $883/m ($25/ft ) and are
included in the shell cost.

Tube Materials

The greatest single problem imposed on the design of a boiller
by advanced steam conditions is selecting materials suitable for the
high-temperature sections in the superheat and reheat beds. Materials
are available which would be appropriate for the 24.132 MPa/811°K/811°K
(3500 psi/1000°F/1000°F) and the 31.026 MPa/922°K/922°K (4500 psi/1200°F/
1200°F) cases with substantial, but not prohibitive, penalties in cost.
The 34.474 MPa/1033°K/1033°K (5000 psi/1400°F/1400°F) case, however,
necessitates the use of an extremely strong, high-temperature alloys.
Westinghouse Research Laboratories metallurgists reccmmend Allegheny
5816, a high-temperature, high-strength, cobalft-based superalloy.
Conversations with Allegheny Ludlum personnel revealed that 5816 was
no longer in production, presumably because of lack of demand, but a
rough selling price was estimated [$35.27 to $39.68/kg (516 to 518/1b)].
Cost estimates of tubing for the 34.474 MPa/1033°K/1033°K (5000 psi/
1400°F/1400°F) case were carried out under the assumption that 5816
could be made available at that price.

Tube costs for all cases were reached by computing minimum
wall thicknesses from allowable stress data supplied by A. Vaia of the
Westinghouse Research Laboratories and the formula given in the ASME

Boiler and Pressure Vessel Code:

_FPD

= 353 + 0.0075 D + 0.04 (4.11)

where t is the tube thickness in inches; P the internal pressure level in
psl; S the allowable design stress im psi; and D the tube dlameter In

inches.
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Costs for the various materials were obtained from various

sources:

e B5A-210-A1 Babcock and Wilcox
SA-213-T2
5A-213-~T22
SA-213-TP304N

e 1IN8O2 Huntington Corporation
@ 5816 Allegheny-Ludlum

Total cost of the pressurized components were computed by
adding up the cost of the several components as calculated using

Equation 4.6 which was derived from Reference 4.8.

0.3
_ 9.25 [0.705
Pressure Parts Cost = |1.6(ATC) + 0705 (ETEE— ATC) (TTL) (4.6)
where ATC = average tube cost
TIL = total tube length.

Shell Design

Each boiler module is comprised of four fluldized beds, arranged
vertically in a water-wall enclosure. Surrounding the bed enclosure is a
pressure vessel. Shell diameters for each case were determined by assuming
a fixed ratio of shell cross-sectional area to bed area. The Foster
Wheeler design has a bed 1.52 by 2.13 m (5 by 7 ft) and is set inside a
pressure vessel 3.65 m {12 ft) in diameter (Reference 4.8). This results

in an area ratio of 3.24 to 1.

Pressure vessel heights are given by:
Height = 66 + ¢ Bed Depths (4.12)

The 20.12 m (66 £ft) includes overheads [3.048 m (10 ft) each],
air plenums [0.6096 m (2 ft) each], and 3.048 m (10 ct) of free cpace
on the top and 2.438 m (B ft) of free space on the bottom of the vessel

for steam piping, air piping, and access.



Correlations for both material and labor costs were provided
for determining pressure vessel costs (References 4.19 and 4.35),
Equations 4.13 and 4.14.

t
_ 6 D H w
Shell Material Cost, $=(0.35 x 10) [ﬁﬁ]{fﬁﬁ]{i?iiZJ (4.13)

142 {(C,) t -1 )
Shell Labor Cost, $=(0.31 x 10% [—‘2?5] {1‘2‘0][ 12 L ] (4.14)

where D = module diameter, ft
H = module height, ft
_ . _ 12PD
t = shell wall thickness, in = —/—
W 20
(P = psia, D = ft, o = 13700 psi )
C1 = cost base adjustment constant = 1.14

4.3.3,3 Effects of Boiler Pressure on PFBB Cost

A change in pressure level results in two significant changes
in boiler design and cost. Since the size of the beds and pressure
vessel is a function of gas density for a fixed fluldizing velocity
(to pass a gilven mass flow rate of air), a decrease in pressure must be
accompanied by a complementary increase in bed cross—sectional area.
This results in wider, shallower beds and a proportionate decrease in
shell height and increase in diameter. Since the pressure vessel is,
in itself, a minor factor in the total boiler cost, there is no signifi-

cant change in the total cost.

The reference case for design of the fluidized bed boilers
used a pressure of 1.013 MPa {10 atm). As was noted earlier, 34.474
MPa/1033°K/1033°K (5000 psi/1400°F/1400°F) case, bed depths were cal-
culated which were very near the maximum value [4.572 m (15 ft)]. An
increase in pregsure to 1.53 MPa (15 atm) results in a narrower, deeper
bed, and it appeared that the 34,474 MPa/1033°K/1033°K (5000 psi/1400°F/
1400°F) case would not be feasible at pressure levels greater than
1.013 MPa (10 atm}. An alternative arrangement of the critical beds,
nowever, was developed. By staging the upper superheat bed -- that is,

by operating a lower stage at high excess air and allowing the products
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of combustion to flow directly into 2 second stage above -- the bed depth
limit could be met. There would be no need for a large overhead above
the first stage because entrained particles above the bed can be carried

into the upper bed.

Changes in boiler pressure also result in dramatic changes in
particulate removal equipment requirements since the capacity of this
equipment is based on actual gas volume flow rate. When the pressure
level is decreased, therefore, from 1.013 to 0.507 MPa (10 to 5 atm}, the
required capacity of the particulate removal eguipment is doubled. Par-
ticulate removal equipment costs account for approximately half of the
total boiler cost, so the effect of pressure level on total boiler cost
is significant, as shown by the plot in Figure 4.24. Higher pressures
result in lower costs for this equipment.

4.3.3.4 Effect of Excess Air on Pressurized Fluidized Bed
Boiler Costs

Boller costs were also determined for various air equivalence
ratios. Tor a fined airflow the effect of increased alr equivalence is a
decrease in the steam flow. Since the tube surface area is proportionate
to the steam flow, decreasing the steam flow would decrease the number of
tubes and the bed depth. Decreasing the bed depth results in less than a
proportional decrease in vessel height. The reference case steam flow
wvas 504 kg/s (4 x 106 ib/hr} at ¢air = 1.15. When the excess air is in-
creased to 90% (¢air = 1.9), the steam flow is 252 kg/s (2 x 106 1b/hr).
Thus, the tube cost is cut in half.

Increased excess alr for a fixed airflow also means a lower coal
feed rate. This has an effect on several component costs. Lowered feed
rate reduces the cost of coal and dolomite preparation and feeding - and
also decreases the capacity o. the solid waste handling equipment. Also,
lower coal feed rates result in a lowered loading on particulate removal
equipment. For the base zase, two Ducon cyclone stages vere followed by an
Aerodyne cyclone separator. For L 1.45, one of the Ducon stages wais
eliminated. For Sair = 1.90, the two Ducon stages were deemed sufficient.

All of these factors serve tu decrease boller cost. As shown in Table 4.25
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Fig. 4-24—Effect of pressure level on costs of pressurized fluidized
bed boilers




Pressurized Fluidized Bed Boiler Cost X 10-6, $
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and Figure 4.25, high excess air operation results in significant reductions

in capital equipment requirements for a fixed compressor alirflow rate.

Tables 4.25 through 4.28 list the installed costs of high~pressure
fluidized bed subsystems for each of the five basic operating condition sets
for pressure levels of 0.507, 0.810, 1,01, and 1.52 MPa (5, 8, 10, and 15
atm), and for air equivalence ratios of 1.15, 1.45, and 1.90 at a compressor
inlet airflow rate of 689.5 kg/s (1520 1lb/s). A breakdown of costs for a
pressure level of 1.013 MPa (10 atm) and air equivalence ratio of 1.15 is
given in Table 4.29. Caosts for different airflow rates can be obtained by

the use of a scaling exponent of 0.8 on capacity,

Table 4.25 =~ Pressurized Fluidiz.d Bed Boiler Costs x 10“6, 3
(5 atm; Airflow Rata - 1520 1b/s)

Case ¢ = 1.15 o = L.45 ¢ = 1,90
3500 psi/1000°F/1000°F (1600°F) 53.9 43,9 38.0
3500 psi/1000°F/1000°F (1700°F) 34.0 44.5 37.5
3500 psi/1000°F/1000°F (1BOQ°F) 54.7 44.3 38.1
4500 psi/1200°F/1200°F (1700°F) 54.1 46.8 39.9
50G0 psi/1400°F/14D0°F (1700°F) 63.6 51.4 42.6

Tabie 4.26 - Pressurized Fluidized Bed Boiler Costs x 10 2, §

(8 atm; Airflow Rate - 1520 1lb/s)

Case ¢ = 1.15

¢ = 1,45 9 = 1.90
3500 »si/1000°F/1000°F (1600°F) 45.8 38.3 33.4
3500 psi/1000°F/1000°F (1700°F) 46.3 38.7 33.7
3500 psi/1000°F/1000°F (1800°F) 46.1 38.3 33.4
4500 ps1/1200°F/1200°F (1700°F) 48.9 40.7 35.0
5000 psi/1400°F/1400°F (1700°F) 56.3 46.3 38.8
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Table 4,27 -~ Pressur ad Fluidized Bed Boller Costs x 10-6, $

(10 atm; Airflow Rate - 1520 1b/fs)

Detailed Breakdown for ¢ = 1.15,

Totals Only for ¢ = 1.43 and 1,90

Cas 3500/1000/1000 | 3500/1000/1000 | 3500/1000/1000 | 3500/1200/1200 | 5000/1400/1400
Componen € TIT = 1600°F TIT = 1700°F TiT = 1B800°F TIT = 1700°F TIT = 1700°F
Pressure
Parts 4.15 3.74 3. 44 7.04 14,35
Subcontracted
Equip. Home
Office 2.13 2.13 2.13 2.13 2.13
Drafting
Steam Gen. 1.30 1.30 1.30 1.30 1.30
Erection
Shell 2.30 1.22 2.53% 2.57 2.73
Coal & Dolomite
Preparation 2.32 2.31 2.31 2.31 2,31
Equipment
Coal & Dolomite
Feeding 5.08 5.06 5.06 5.06 5.06
Equipment
Solid Waste 2.37
Handling 2,38 2,37 2,37 2.37 .3
Particulate 21.00 21.43 21.93 20.84 20. 84
Removal
Instrumentation|  , 44 2.70 2,70 2,70 2,70
and Control
eyt e 43.4 43.0 44,2 46.3 53.8
Totals for
. . . 8. 44.5
o 1.45 36.6 36.2 37.3 38.9
Tot2.3 for
? R . . 3.7 37.5

4 = 1.90 32.1 31.8 32.8 3

*%In Case 3 the rafresctory in the hot gas duct is included

in the shell cost

.
;
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Table 4.28 - Pressurized Fluidized Bed Boiler Costs x 10-6, $
(15 atm; Airflow Rate — 1520 1b/s)

Case ¢ = 1.15 ¢ = L1.45 ¢ = 1,90
3500 psi/1000°F/1000°F (1600°F) 39.4 33.9 30.0
3500 psi/i000°F/1000°F (1700°F) 39.2 33.6 29.8
3500 psi/1000°7/1000°F (1800°F) 40.4 34.9 29.8
4500 psi/1200°F/1200°F (1800°F) 42.6 36.5 31.6
5000 psi/l400°F/1400°F (1700°T) 50.0 2.1 35.4

4.3.3.5 Costs of Pressurized Fluidized Bed Potassium Boiler

Cost estimates for the pressurized fluidized hed potassium
boilers were based upon sizes and configurations compatible with certain
limitations on design paramecers. In general, a four-module configura-
tion with four fluildized beds per module was selected. The potassium
vapor was generated in straight vertical tubing [2.54 cm (1 in) od] made
of Haynes-25 (Ha-25), a high-temperature superalloy. In some cases,
where the mean temperature difference between the bed and the potassium
was rzall and a large heat exchange surface was required, it was neces-
sary to stage the beds to avoid bed depths greater than about 4.57 m
(15 ft). Staging the beds, while it minimizes the vapor-side pressure
drop by limiting the tube length, introduces an increment in gas-side
pressure drop associlated with the second distributor plate. This is a

penalty which is unavoidable with a fixed airflow and bed tamperature.

Quantitative assumptions made included a superficial velocity,
Vg' of 1.2%9 m/s (4 £t/s); ag overall heat transfer coefficlent, Uo, Qi
283,86 W/m -°K (50 Btu/hr-£t°-°F); and a bed depth (and tube length) as
close to 3 to 4 m (9.84 to 13.12 ft) as possible. Table 4.30 lists the
cperating conditions for the twelve cases for which cost estimates were
prepared. These twelvre cases cover all the parametric poiuts required
for the Rankine licuid-metal topping cycles.
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Table 4.29 ~ Pressurized Fluidized Bed Boilers Costs x 10 , §
(¢air = 1.15 and P = 10 atm)
Case 1 2 3 4 5

3500 psi/ | 3500 psi/ | 3500 psi/ | 4500 psi/ | 5000 psi/
1000°F/ 1000°%/ 1000°F/ 1200°F/ 1400°%/
1000°F 1000°F 1000°F 1200°F 1400°F
TIT = TIT = TIT = TIT = TIT =

Component 1600°F 1700°F 18Q0°F 1700°F 1700°F

Pressure Parts 4,15 3.74 3.44 7.04 14.35

Subcontracted

Equip't. Home

Office 2.13 2.13 2,13 2.13 2.13

Prafting

Scean Sen- 1.30 1.30 1.30 1.30 1.30

rection

Shell* 2.30 1.22 2.53 2.57 2.73

Coal and

Dolomite 2.32 2,31 2.31 2.31 2,31

Preparation

Equipment

Coal and

Dolomite

Feeding 5.08 5.06 5.06 5.06 5. 06

Equipment

Solid Waste

Hendl ing 2.38 2.37 2.37 2.37 2.37

Particulate

Removal 21.00 21.43 21.93 20.84 20.84

Instrumentation

and Control 2,70 2.70 2.70 2.70 2.70

Total 43.36 42.99 43.77 46.32 53.74

cost.

4~83
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Table 4.30: Qperating Conditions for Potassium Boilers

Bed Working Pluid (K or Cs) HWorking  Adr Adrflow, Heat Load, Fluid Vel., PR,
Case Cogl Temp,, C° Tin, °C T out, °C P, kPa Fluid  Equiv. kols kp-cal/br nfg b
1 I1l. #6 982 593 760 103.4 K 1.2 324.7 4.15 x 108 1.265 15
(1800°F),  (1100) (1400) (15 peig) (716 lb/sec) (1.65 x 10° BDru/hr) (4 fo/s)
2 } 640 816 165.5 . 325.5 4.09 x 108 .
| {1200) (1500} 246) (716} (1.625 = 10° |
{
3 ¥ 704 arn 248.2 i 322.1 4.13 x 160 I
(2300) (1600} (36} : (710) (1.64 x 10%) !
4 927 593 760 103.4 : 313.0 5.31 x 108 _
(1700 (1100} (1400) (15) : (690} (1.71 x 109 :
]
5 671 ; i 267.6 3,88 x 108 v
(1600) . | (590) (.54 = 109)
s 982 i 335.7 4,051 x 10° v 10
(1800} . {740) (1.61 x 10%)
7 ! ' ! 367.4 4.082 x 10° s
| (B10) (1.62 x 109)
. i
8 N, Dakota ' ; 336.1 3.881 x 108 15
Lignite ‘ (741) (1.54 x 109y .
9 Montans 5 . : _ 327.5 4.007 x 108
Subbit. ; ; (722) (1.59 x 10%)
10 1. #6 : 2.0 291.0 1.625 x 108
Bit. : “(641.5) (6.45 x 108)
11 i 1.0 3:3.2 6.45 x 107
v (712.5} (2.56 x 108)
12 . % Cs 1.2 266.4 3.566 x 103 A
{533.0) (1.415 = 109 A A

e e e e et ot o e
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Table 4.31 shows the geometry of the pressurized fluidized bed

potassium boilers (PFBPB) for each case.

The module geometry without heat transfer surface is shown in
Figure 4.26. A disengaging freeboard of 3,048 m (10 ft) was provided
above each bed in order to allow heavy particles which are shot from the
bed to fall out of the gas stream. In cases where beds are staged, the
freeboard is provided for the uppermost bed only. There is a 3.048 m
(10 £t) section at the top and bottom of the module for piping, access
for maintenance, and so on. The ratio of module areé to bed area is
fixed at 3.23 to 1.

The arrangement of tubes in the bed is shown in Figure 4,27.
The 2.54 cm (1 in) od Ha-25 tubes may be shop fabricated in bundles to
ninimize field-erection time and laboxr. The pitch was varied from case
to case wherever excessively short tubes would have resulted from the
base case of 269 tubes/m2 (25 tubes/ftz) of bped cross-sectional area.
The tube length was taker to be identical with the bed depth.

As pointed out in a paper by A, P. Fraas (Reference 4.36), the
cost of pressurized components is roughly optimized at tube lengths of
approximately 3.048 to 6.096 m (10 to 20 ft). This reduces the number of
tube-to—-header welds required per meter of tubing without incurring ex-

cessive penalties in pressure drop.

Sincr boiling potassium has excellent heat transfer characte-
ristics, it is reasonable to assume that metal temperatures will approxi-
mate the potassium temperature. Further, the external pressure exceeds
the internal pressure in the tubes [v 250 kPa (2.5 atm) for the highest-
potassium pressure case considered]. Choice of materials is ‘thus simpli~
fied since resistance to corrosion is, the only critical factor, and local
heat fluxes should not cause significant variation in metal temperatures.
For costing purposes, Ha-25 tubes with a wall thickness of 2.54 mm
(0.1 in) was assumed for all cases.
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Table 4.31: Configucation and Geometry of PFBEPB

Cells per Beds per Bed Bed Jed Module Hodule Ht. Arenfunit Tube No. of
Case Modules Module Cell Depth, m Width, m Length, m Height, m_ ° Bia., | Bed Volume, m2/m3 length, m Tubes
1 4 4 B 1 4/9 2.743 1.584 36.88 4,145 21.48 2, 13 4,191 18,000
(13.75 £t) (9.0 £t} (5 £t} {121 ft.) (13.6 ft) (5.55 ft°/fc7) (13.75 £t}
2 4 4 1 4.848 2.743 1.524 39,62 &4.145 21.48 4.846 18,000
(15.9) (9.0} (5.0} {13.n) {13.6) (6.55) {15.9)
3 & 2 2 3.26 2.719 2.048 28,96 5.852 21.48 3.261 35,600
{10.7) (B.92} (10.0) (95} {19.2) {6.55) {10.7)
4 4 2 2 2.717 2.51 3.048 27.43 4.663 21.48 2.774 33.050
(5.1) (8.25) (10.0) {90) {15.3) {6.53) (9.1)
5 4 2 2 4.51 2.438 2.566 30.48 5.0 21.48 4.811 26,000
(14.8) (8.0) {8.42) (100) (16.65) {6.55}) {14.8)
& 4 [ 1 3.916 2.126 3.048 40,66 5.151 137.4 3.929 17,850
(12.85) (6.975) {10.0} {133,4) (16.9) (4.18) {12.49}
7 4 4 1 3.209 4.648 3.048 34,B4 7.62 1.743 3.209 21,950
(10.53) {15.25) (10.0) (114.3) (25) {2.36) {10.53)
B 4 4 1 3.52 1.829 2.408 37.86 4.25 21.48 3.520 19,000
{11.55) {6.0) (7.9 (124.2) (13.95) (6.55) (11.55) )
9 4 4 1 3.76 1,981 2.134 38.71 4.13 21.4B 3.764
(12.35) {6.5) (7.0} izn (13.55) {6.55} (12.35}
10 4 4 1 2.804 1.524 2,508 35.05 3.892 13.714 2.804
9.2) (5} {(7.9) (115) {12.77) (4.18) (9.2)
1 2 4 1 1.777 2.201 3.658 29,26 5.761 7.743 1.777 6,230
(5.83) (7.22) {12.0) (96) 18.9) (2.36) {5.83)
12 4 2 2 4,115 2,438 2.362 30.48 4.862 21.48 4.115 24,800
{13.5) 8 (7.75) aeoy __(15.85% | (6.33) (13.5) .. ..
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Cost estimates for the vapor gemerator inciuded tubing material
‘costsj tubing fabrication costs; costs for headers, risers, and down-

comers; and pressure vessel costs.

The material costs of pressurized components were calculated by

applying the following algorithm:

3 10 N
Cost = (TTL) [(ATC) [1 + [TL X 0.5]]] + 2,980,000 [50,400}(ATC)
(4.15)
where TTIL = total tube iength in the generators, ft
TI. = individual tube length, ft
N = total number of tubes

ATC = average tube cost, §$/ft.

The cost of instaliation was assumed to be 50% of the material
cost. Shell costs were calculated uging Equations 4.13 and 4.14.

t
- & W D H
Shell Material Cost, $ = 0.35 x 10 [i??i&){iﬁ][iiﬁ} (4.13)

1+2(, t-1)
_ _ anb 1w D [ &
Shell Labor Cost = 0.31 = 10 [ > }[20}[120] (4.14)
vhere t = shell wall thickness, in = 12 %g (o = 13,700 psi)
D = vessel diameter, ft
H = vessel helght, ft
P = vessel pressure, psi

C, = cost base adjustment constant = 1.14.
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Table 4.32: Pressurized Fluidized Bed Potassium Boiler Costs x 10 , $

1 2 3 5 5 5 7 B g 10 i 12
g:ﬁﬂg““’ 2.95  3.270 5.450 4,560 4.610 3.325 3,320 2,585 2,953 1.450 0.777 3,140
f,;:g:'l“e 1,812  1.942  3.028 1.762 2.328 1.958  1.642 1.976 1.892 1.498 1.482 2.132
:‘r’::_“ Bolomite 599 1,510 1.510  1.400  1.320 1,550 1.675 1,665  1.410  J.9i0  0.740 1,250
g‘e’:; 12,;Dulmm £.310 4.310 4.310  4.000  3.790 3660 3,350 3,770 2.940  1.890  1.520 3,580
g:ﬁg:“e 1.835  1.B35  1.835  1.750  1.600 1.550  1.555 0.886 0.760 0,490 0.395 $.520
g::‘;:‘fu“m“ 9,380  9.380  9.380  8.600  7.720 11.500 19,000  9.640  D.450 5,450 5.850 7.330
‘é:g‘::igg“ 1.475  1.635  2.7720 2,280 2,305 1.660 1.660  1.490  1.475 0,725 0.388 1.570
g‘;:’lo;:;ﬂal 23.277  23.882 28.233  24.352  23.653 24,983 32.202 22,412 20,880  12.413  11.153 20,522
g‘;&u;’; 4 4 4 4 4 4 4 4 & B 12 4
Totel V.G. 93.108 95.528 112.942 97.408  94.612  99.932 128.808 69.548  83.520  99.304  133.836 82.0B8

Cost

A b s it

e e e e et o



Table 4.32 presents component, module, and total vapor geperator costs for
the 12 cases considered. These may be correlated with the specific para-
metric points for the liquid-metal topping cycle study through Table 4.33.

Table 4.33 - Cross-index for Rankine Liquid-Metal Topping Cycle

Case (Table 4.30) Parametric Point (Table 8.6)
1 1, 7, 8, 11, 13, 15, 16, 27, 30, 33, 36, 37,
38, 39, 49

2 23, 25, 28, 31, 34

3 24, 26, 29, 32, 35

4 22

5 21, 40, 41, 42

6 18

7 i7

8

9 2

10 19
11 20
12 46, 47, 48

4,3,3,6 Cost of Pressurized Fired Heater Subsystems for
Closed—-Cycle Gas Turbines

A schematic diagram ¢? a pressurized combustor subsystem for
application to the closed-cycle gas turbine is shown in Figure 4.6. The
principal components when using clean fuel are a fired heater (pressurized
combustor), a recuperator, a gas turbine generator, and a stack-gas
cooler. For those cases in which clean fuel is used, the subsystem costs
do not include the heat exchanger surface. For those cases using flui-
dized bed combustion with durs-t firing of coal, the heat exchanger sur-
face is integrated with the combustion process, and the cost estimates

include the heat exchanger.
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In-bed desulfurization of the products of combustion is assumed
for those cases using f£luidized bed combustion with direct firing of
cozl. The following additional equipment, therefore, is included in the

pressurized combustor subsystem when coal is fired.
s Coal and dolomite preparation equipment
e Coal and dolomite feeding equipment
e Waste solids handling equipment
@ Particulate removal equipment.

For the cases with fluidized combustion, multiple fired-heater
modules are assumed for each gas turbine. The fired-heater modules are
similar tc the high-pressure fluidized bed boiler modules. Each module
has several separate beds stacked in a vertical cylindrical vessel. 1In
the fired heater, however, each module has the same function, 8¢ all beds
are identical. The bed enclosure and intermal ducting are refractory
lined so that the turbipne inlet temperature is the same as the bed tem-

perature (assuming no heat loss).

The working fiuid for all cases of the closed-cycle gas turbine
system is helium. The helium conditiens for the base design case are as

follows:
e Helium pressure ~ 6.894 MPa (1000 psi)
e Heater inlet temperature - 733°K (860°F)
e Heater outlet temperature - 1089°K (1500°T)

e Helium-side heat transfer coefficient 1419.3 W!m2-°K
(250 Btu/hr—ft2-°F)

s Helium-side pressure loss - 2Z%.

The base case conditions for the pressurized fluidized bed com-
bustion subsystem are as follews: :

® Pressure ratio - 10 to 1

8 Ailr equivalence ratio - 1.2

4-92
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e Turbine inlet temperature — 1255°K (1800°F)
e Compressor airflow rate - 294.8 kg/s (650 1lb/s) -

e Bed-side heat transfer coefficient 283.86 W/m?-”K
(50 Btu/hr-ft°=°F)

e Maximum bed temperature - 1283°K (1850°F)
o Coal - Illinois Wo. & bituminous

e Turbine coating air fraction - J.066

o Maximum bed depth - ~ 4,57 m (15 ft)

s Heater tube pitch to diameter ratio - 2,33
e Heater tube id to od ratio - 0.75

e Ratio of heat transferred to compressor alrflow -
1.52 #3/kg (650 Btu/lb),

The modular heater design generated for this base case has the
followlng features:

¢ Heater tube diameter - 3.8%L cm (1.5 in)

e Superficial velocity - 1.07 m/s {3.5 ft/s)
® Number of beds per module - 4

¢ Bed length - 3.322 m (10.9 £t)

e Bed width 1.158 m (3.8 fé)

# Bed depth 4.48 m (14.7 £t)

o Vessel dismeter 3.962 m (13 £t)

e Vessel height 38.71 m (127 ft).

The tube metal temperature profile was constructed for the
1255°K (1800°F) bed temperature for use in the selection of tube materi~

als. The tube materials selected for the base case are showm in
Table 4.34:
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Tubing Cost Factor
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Fig. 4.28—Tubing cos! correlation for fluidized bed

pressurized fired heater for closed-cycle gas turbine
using helium
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Table 4.34 - Tube Materials

'(tw) max, °F Material
’ 1206 SA-213-TP304H
1383 SA-213-TP347
1501 ' HA-25 (L605)

The relative quantities of tubing required of each of the above
materials were caleculated, and an average tubing cost of $64.25/m
($14.10/ft) was obtained, Tubing costs for various materials were ob-

tained from Babcock and Wilcox and from'Allegheny Ludlum.

The above procedure was carried out for a range of bed tempera-
tures, and a tubing cost factor as a function of bed temperature was cor-~
related as shown in Figure 4.28. The minimum average cost of tubing per
unit length occurs at a bed temperature of about 1255°K (1B00°F). The
increase in the log mean temperature difference between the helium and
the bed with an increase of bed temperature substantially reduces the
total amouht of tuBing required but demands that an increased fractien of
the tubing be made from more expensive high-temperature alloys. The tem-
perature differences for the more expensive materials decrease as the
bed temperature decreases below 1255°K (1BOO°F); and the relative quantity
of these expensive materials increases rapidly. The increasea cost of
the tﬁbing materials as bed temperature increases above 1255°K (1800°F),

outweighs the effect of the increased temperature difference.

The cosé of the pressure parts of the fired heater is egual to
the sum of the tubing cost; the cost of the headers, downcomers, and
risers; and the cost of fabrication. The cost of the tubing is equal to
the product of the average tubing cost and the total length of tubing re-
quired. The cost of the headers, downcomers, and risers was assumed to
be 607% of the cost of the tubing (Reference 4.8). The cost of fabrication

wag determined from Equation 4.16.
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. 0.3
Fabrication costs = 10 {Avg. tg?zgg COSt] (4.16)

where the average tubing cost s in §/ft.

This expression was derived from cost data contained in
Reference 4.8,

Pressure parts cost factors were developed for the following
design parameters on the basis of the quantity of heat transferred per

unit of compressor ailrflow. ; -
e Bed temperature

@ Pressure ratio

e Air equivalence rétio

® Log mean température difference

® Pressure difference.

These cost factors were applied to the estimated cost of the
pressure parts for the base case to obtain cost estimates Ffor the other

cases, The scaling exponent for airflow rate was assumed to be 0.85.

The cost correlation expressions used for the coal and dolomite
preparation and handling, and/or solid waste handling components, of the
pressurized fluidized bed fired heaters for closed-cycle gas turbine ap-
plication are shown in Equations 4.17 through 4.19:

Coal and dolomite preparation equipment (Referenc: 4.5):

0.7
Installed cost = ($sso,000)[c°al rate + dolemite rate (4.17)

Coal and dolomite feeding equipment (Reference 4.8):

0.7
Installed cost = ($2,400,000){°°a1 rate +lgzl°mite rﬂte} (4.18)

4-96




Waste solids hendling equipment (Referemcs 4.8):

' 0.7
fnstalled cost = ($529,000) ["’Eh *+ Epe“tzg"b-e“ "'ate] (4.19)

where all rates are inm tons/hr.

The cost correlations for the particulate removal equipment
{cyclone separators, tornado separators, granular bed filters, and elec-—

trostatic preciritators) are given in Subsubsection 4.3.3.3.

The surface areas required for the recuperator in the pressurized
fired heater subsystems were computed using Equation 4.20.

5 = w_(a/W )/ Ve (l-e)(Ty; - Tg;)] (4.20)
vhere 8 = surface area, ftz )

W_ = compressor airflow rate, 1b/hr
q = heat transferred, Btu/hr
¥, = overall heat transfer coefficient, Btu/hr—ft2—°F

€ = recuperator effectiveness.

Tﬂi = temperature of hot fluid entering
T.. = temperéture of cold £luid entering

It was assumed that the recuperator would be of shell and f£inned-
tube construction, with the particvlates bearing products of combustion on
the jnside of the tubes, and that the overall heat transfer coefficient
would be 56.77 w/m2-°x (10 Btu/hr—ft2-°F).* A specific equipment cost of
$107.64/m2 ($10/ft2)* was- assumed {Reference 4.37), and an lustalled cost
factor of 1.3 was used. Tt was assumed, also, that gas-side uressure ef-

fects and recuperator costs would be compemsating.

#*
Based on the products—side area.
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TABLE 4,35-C0STS OF PRESSURIZED FIRED HEATER {FLEIDIZED BED) FOR CLOSED CYCLE GAS TURBINE SYSTEMS

Case
Conditlons
W,, Ibls 650 650 650 850 650 650 650 650 650
Y: 10 10 15 5 10 0 10 10 0
1L, °F 1800 1700 1700 o 1100 1700 1100 1700 1100
Malr 1.2 L2 L2 12 1.2 L2 12 L2 12
l4g,F 1500 150 1500 0] 1500 500 1500 1500 1500
e, pslg 1600 1000 1000 1000 100 1000 1000 1000 1000
Coal Type I No. 6§ T8, No.6 | L No.6 | T, No.o | DI Mot | Montana | Montana | % Dakata | N. Daketa
Costx 1076, 4
Heater Modules M0 | 16.680 f 15722 | 15.:8 | 1892 | 16681 | 17.892 | 16681 | 17.892
Coal and Dolomite
Prep. Equip, L1402 1.402 L402 | L2 Lao | L5 155 L33 | LB
c"“;ez;‘“sgﬂ‘&““" 2000 | sose | aom | 27 | seeo] 20 | zme | ame | 334
particutates Removal Equip, w4 | 10.099 gdoe | 15508 | 8.0 | w099 | sow | wmew | Bow
Solid Waste Handling Equip. 1428 L4278 178 L 285 1,428 0.673. 0.673 0.737 3757
Special Piping 1984 190 1902 Lo L4 | Lo | 14w L0 | L4
Gas Turbine (Modifizd} 5. 80 5750 | e60 | sMr | sms| 50 | 533 5750 | 533
Suttdlal 38.358 | anszn | o786 | 43.839 | 3ndes | 30099 | woms | sne7 | 3mo1
Recuperatar Cost x 1676, 5
=103 3,042 3.042 - 3.2 - 3,002 -~ e | -
£=09 6.845 6. 815 - 6. 815 - 6,815 - ass | -
£=0% 14.450 | M.450 - 14,450 - 14,450 - w0 | -
Stack Gas Cooler Cost % 106, ¢
e=0 L6M 163 1.558 Lm | L | Lex 13% 1634 | L3
e=0.8 L22 L. 240 - 085 - 1240 - Lm0 | -
£=0.9 LiB | L% - 0,600 - 1,13 - LB | -
=05 1057 1.071 - 0.49% - 1671 - Lon | -
Totat Subsystem Cost x107¢,
e=0 005 | ALe5 | AL3e4 | a5.600 | 30863 | a0.733 | 3Bel | AL7OL | 30.609
£=08 4263 | 4. 603 - 4.2 - 43,38 - mw | -
g=09 4311 | 48302 - SL20 - 47.080 - /08 | =
€=09 53,85 | 55.802 - 58,783 - 54,620 - 55558 | -

4-98




PR Vet o Lo P S 1 S | B IEARENREREN R L i

The surface areas required for the stack-gas coolers in the

pressurized fired heater subsystems were computed using the following ex-

pression:
s = (W) (a/W,)/[(U,)(MID) ] (4.21)
2
where s = gurface area, ft
W, = compressor airflow, Btu/hr
q = heat transferred, Btu/hr
U, = overall heat transfer coefficient, Btu/hr—ft2—°F
LMTD = log mean temperature difference, °F.

Tt was assumed that the stack-gas cooler would have te be of
shell-and-tube constructien to aw. id deposition problems, and that the
overall heat transfer coefficient would be 56.77 w/m2—°K (10 Btu/hr—ft2—°F).
A specific equipment cost of $107.64/m2 ($lO/ft2) was assumed

{(Reference 4.37), and an installed cost factor of 1.3 was used.

The estimated costs of the pressurized fluidized bed fired
heaters for various cleosed-cycle gas turbine cases with direct firing of
coal are listed in Table 4.35.

The estimated costs of the pressurized fired heaters for various
closed-cyecle gas turbine cases with clean fuels (distillate from coal-
derived liquid, and high-Btu fuel gas) are listed in Table 4.36. The
costs used here for the recuperators and the stack-gas ccolers are the
same as those used for the pressurized fluidized bed fired heaters, These
values are conservative for clean fuel applications, because plate fin
heat exchangers could be used for the recuperators instead of shell and
finned tube; and shell and finned-tube heat exchangers could be used for

the stack-gas cooler instead of shell and tube,
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TABLE 4.36--COSTS OF PRESSURIZED FIRED HEATER(CLEA® FUEL)FOR CLOSED CYCLE GAS TURBINE SYSTEMS

i

Case
Conditions
Wa, Ibls 650 650 650 650 650 650 650 650
PR 10 15 5 10 1% 5 10 15
T, °F 2200 2200 1100 1100 1100 1700 1700 1700
@ air 115 115 115 L5 115 115 LB 115
the °F 1200, 1500, 1800 1500 1500 1500 1500 1500 1500 1500
PHc:, psig 100 1000 1000 1500, 1000, 2000 1000 1000 1000 - 1000
Fuel Distillate Distillate | Distillate} Distillate Distillate | Distillate Distillate, [Distillate
& SNG & SNG
Cosls x 1076, $
Combustor * 0.471 0,512 0.348 0.471 0.512 0.348 0.4n 0,512
Special Piping 2319 2.319 1409 1,400 1,409 1900 1900 1.900
Gas Turbing (Modified) 5713 6. 629 4,937 9, 233 6, 107 5. 147 5150 6. 640
Subtotal B.503 9.460 6.694 7.1 8.028 7.305 8 121 9,052
Recuperator Cost % 1076, §
c=08 3,042 3. 042 3.042 - - 3,042 3. 042 -
g=0.7 6. 345 6. 845 6. 845 - - 6. 845 6. 845 -
e=09% 14.450 14,450 14.450 - - 14,450 14.450 -
Stack Gas Cooler Cost x 1079,
e=0 1.901 1.814 L4 L 3% 138 1.770 1634 1.558
£=03 Lér2 L6% 1. 266 - - 0. 315 1240 -
=09 1.593 1682 L0 - - 0.620 L 136 -
=019 1.550 1.670 1. 259 - - 0.499 1071 =
Total Subsystem Cost X 1076, $
£=0 0.4 11274 8.098 8.508 9.413 9, 165 9, 5% 10, 610
=038 13.47 i4,198 | 11002 - - 11,282 12. 403 -
e=09 16. M1 17. 981 14,789 - - 14, 860 16. 102 -
e=0.9 24.503 25.580 22404 - - 22.344 23. 642 -

Not including the heat exchanger




The estimated costs of the pressurized fired heater tor various
closed-cycle gas turbine cases with integrated low-Btu gasification are
listed in Table 4.37. Here, again, the costs for the recuperators and
stack-gas coolers are the same as those used for the pressurized fluidized
bed fired heaters. The less expensive heat exchangers probably could be

used for low-Btu fuel gas applicatiens as well as for clean fuels.

4.3.3,7 Gas Turbine Costs

The prices for gas turbines were compiled by the Westinghouse

Gas Turbine Engine Division and are generalized in Sections 5 and 6.

4.3.3.8 Cost of Atmospheric-Pressure Fired Heater

One of the closed-cyele gas turbine cases with clean fuel used
an atmospheric-pressure fired heater. In this case the fired heater sub-
system consisted of a combustor, a fan for the combustion air, amd a
regenerative-type air preheater, The conditions for this case were as

follows:
o W, 294.8 kg/s (650 1b/s)
e PR, 1,013 MPa (10 atm)
s TIT, 866°K (1100°F)
* ¢
] THe’ 1089°K (1500°F)

aips 1415

. Pﬂe’ 6.895 MPa (1000 psi)
» Fuel, distillate from coal.

The estimated subsystem cost is:

s Combustor $ 600,000
e Fan 250,000
e Alr preheater 5,900,000

Total $6,750,000.
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TABLE 4.37 —CCSTS OF PRESSURIZED FIRED HEATER {INTEGRATED
LOW-BTU GASIFIER} FOR CLOSED CYCLE GAS TURBINE SYSTEMS

Case
Conditions
W,, Ib/s 650 650
PR 19 b1
TH, °F 2200 1100
@ pir L2 LA
tu. OF 1500 1500
He, * 1000 1000
PHe, Psig Low By Low Btu
Fugl Fuel Gas Fuel Gas
Costs X 1070, ¢
Gasifier Subsystem 30,900 36,140
Combustor - 0, 700 0. 700
Special Piping 2420 1.510
Gas Turbine {Modified] 5.713 533
Sublotal 39.733 43,583
Recuperalor Cost X 10676, ¢
£= 0.8 3.042 -
=09 6.845 -
e=09% 14450 -
Stack Gas Cooler Cost % 10~ ©
=08 L672 -
e=0.9 1,593 -
e=0.9 1L.550 -
Tolal Subsystem Cost x 1075, &
e=0 - 4L.634 44,978
=038 M4, 441 -
=09 8.171 -
e=0.9 35,733 - .

* Aot including the hest exchanger
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4.4 Low-Btu Gasification Technology

* 4.4.1 Coazl Gasification Processes

Gasification of coal is an old technalogy. Around 1920, thousands
of gas producers were in use in the U.S. for the production of town gas.
More recently, gasification of coal has been aimed at providing feed-
stocks for synthesis processes. Currently, substantial programs in the
development of high-Btu pipelifne gas processes are being carried out under
the sponsorship of the 0ffice of Coal Research (OCR), and Déﬁartment of
Interior (DOI). '

Nominally complete gasification processes may be classified in

a variety of ways, as listed below:

o By the method of supplying the heat féqﬁired by the gasification
reactions

~ Internal heating

Autothermic i ‘ .
Cyclie
Heat-carrying fluids or solids
~ External.heating: heat transferred éhrough the walls of the
reaction vessel

'es By the method of contacting reactants

= Fixed bed .

- Fluidized bed -

- Suspengion of particles in gasifying medium

® By the flow of reactants P
~ Concurrent '

= Countercurrent

® By the gasifying medium .
=~ Steam
- Hydrogen .
= Carbon dioxide
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¢ By the condition of the residue removed
- Dry ash in nomnslagging operation
- Slag in slagging operation

® By the pressure used in the reactor
- Atmospheric pressure ;

- Elevated pressure.

In autothermic gasification the heat absorbed by the endothermic
reactions with carbon is supplied by the oxidation of some of the carbon by
oxygen. In addition, the oxidation reactions must liberate enough energy
to maintain the reactants at the reaction temperature, as in the gas

producer.

. In cyclic heating processes the exothermic oxidation process and
endothermic gasification processes are carried out altermately, as in the

water—gas set.

The heat absorbed by the gasification reactions may be supplied
by heating some of the reactants or an intermediate heat transfer medium
outside the reactant vessel. Intermediate materials, for example, are pre-
heated, and then brought into the reaction zone where the heat is trans-
ferred directly to the reacting mixture. This process is unique because
the heat required for gasification does not necessarily come from oxi-
dation of the csrbon being gasified. A variety of intermediate heat trans-
fer medla have been used, including steam, a moving fuel bed, a moving
pebble bed, and a cireculating slag bath.

The heat absorbed by the gasification reaction may be supplied
by the transfer of heat through the walls of the reaction vessel. This is
another process which does not rely on energy from the oxidation of carbon.
It has the disadvantage of low throughput because of the inherent limita-
tion on the rate of heat transfer. External heating has been applied to
fixed and fluidized beds.

Both the fixed bed and the suspension~type gasifiers can be
designed for either slagging or nonslagging operation. The fluidized bed
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processes are inherently nonslagging.

In an autothermic gasification process the blast must contain
an oxlddnt, such as oxygen or air. Oxygen is used for the production of
high-Btu gas or nitrogen-free gas, but for power fuel production the use
of air rather than oxygen is likely to be more economical. Oxidants such
as steam, carbon dioxide, and hydrogen are used in the blasts of gasifiers
to control the composition of the product gas and the local temperatures
within the reactors.

The reactions which occur between these oxidants and hot carbon

e in the gasification process are:

C+H,0-+C+H (4.22)

2 2
This is known as the steam—-carbon reaction. It is endothermic and has a
heat of reaction of 10,953 MI/kg (4,710 Btu/lb) of carbom.

¢+ o, » 2 co (4.23)

This reaction is endothermic and has a heat of reaction of 14.372 MJI/kg

(6,180 Btu/lb) ecarbon.
c+2 H2 + CH&

This 1s known as the hydrogasification reaction.

(4.24)

Further reactions "jhich occur in the gasification process are:

co + H20 + CO2 + HZ (4.25)

Equation 4.25 is commonly knowvm as the water-gas shift.

co + 3H2 + CH4

2 €0+ 2H,+ Gi, + CO, (4.27)

These reactions have been discussed in detail by Parent and Katz (Reference
4.38) Von Fredersdorff (Reference 4.39).

+ 1,0 (4.26)

To & considerable degree the first step in coal gasification is

the same whether the final product is low-Btu fuel gas, high-Btu pipeline gas,

or synthesis gas. The chief difference is that an air blast would probably

'!
|
!
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be used in the production of low-Btu fuel gas, but oxygen would be used
1f the end product were high-Btu pipeline gas or synthesis gas. For the
production of high-Btu pipeline gas, the initial gasification step would
b: followed by methanation and carbon dioxile removal; or by a (partial
>t total) hydrogenation process. Synthesis gas production requires only

the removal of carbon dioxide.

During 1964 and 1965, Bituminous Coal Research, Inc. (BCR) made
a comprehensive survey of coal gasification technology and economics under
a cuntract with OCR. (Reference 4,40 The evaluation of gasification
processes was done in three categories: synthesis gas processes, fuel
gas processes, and other gas processes. The resulting reports constitute

a vzluable collection of reference material.

4.4,1.1 TFiged Bed Gasifiers

Until recently the only company in the U. S. which could
supply fixed-bed gasifiers was the McDowell-Wellman Co. Up to 1948, this
company manufactured primarily small brick-~lined units for anthracite,
coke, and charcoal. In 1948, they introduced a line of water-cooled umits
equipped with interpal stirrers which has been used successfully on strongly
caking bituminous coal., The commerclal Wellmsn gasifiers range up to
3.05 m (L0 ft) id and operate at 101.3 kPa (1l atm) (Reference 4.41).
In the late 1%60s Wellman supplied an experimental 1.07 m (42 in) diameter
high-pressure pasifier unit to the Burean of Mines(BOM) at Morgantown.
West Virginia, for an investigation of high-pressure coal gasificatiou.
This unit has been operéted successfully using both anthracite and
bituninous coals (Reference 4.42). , M. W. Kellogg has recently developed’
a design capability for fixed-bed coal gasification and is offering such

equipment oun a commercial basis,

The most advanced process for the gagification of coal is the
Lurgl fixed-bed gasifier (Reference 4.43). It is designed to operate at
pressures up to 3.039 MPa (30 atm) and has been used commercially since
1936 to produce synthesis and town gas. Units are available in sizes up

to 3.66 m {12 ft) in diameter. The mogﬁ:notable installation of Lurgi

4-106




gasifiers is at Sasolburg, South Africa. Nine Lurgi gasifiers were origi-
nally instelled in 1955, and four more have been installed since. About
four years ago, flve Lurgl gasifiers were installed at STEAG's Rellerman

~ station near Liinem, West Germany, for the production of a low-Btu fuel

gas from Rulir Valley coal for use in 2 combined-cycle plant with a super-
charged boiler (Reference %.44). Operation of this plant on 2 sustained
basis had not yet been attained early in 1974,

A Lurgl unit installed at Westfield, Scotland, has recently
been operated using a number of U. 8. coals to evaluate it for use in the
U. S. El Paso Natural Gas was planning tc construct a synthetic natural
gas plant using Lurgi gasifiers in the southwestern U. 3. but is now re-
studying the economics of the plant in view of rapidly escalating costs.
Several other U. §. gas companies are investigating the Lurgl equipment.
Commonwealth Edisen, with EPRI support, has made a study of an installa-
ti&n of Lurgl gasifiers in the Chicage area for the production of low-Btu
boiler fuel; and General Electric has a fixed-bed gasifier under develop-
ment iIn their Research Laboratory at Schenectady.

It has recently been announced that the development of a slagginp-
type fixed-bed gasifier which was started in the U.K. ten years ago is
being reactivated, The Lurgi unit at Westfield will be modified for full-
scale tests of the process. Fourteen U.S. companies are funding the $10
million project. The slagging fixed-bed gasifier is expected to have a
higher capacity than a grate-type unit of the same size.

The characteristics of the fixed-bed gasification processes are

as follows:
e Maximum operating problems with caking coal

® Requires double-screened coal - about 507 of run-of-

mine coal is excluded
¢ Countercurrent flow leads to heat economy
» Long residence time provides good carbon comversion
e Solids content of raw fuel gas is low

e Raw fuel gas temperature is low [811°K (v~ 1000°F)],

so tar and ammonla are present.
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4.4,1.2 Fluldized Bed Gasification

Since the early 1960z, OCR has been funding the development of
a number of coal gasification processes for the production of high-Btu
pipeline gas. The majority of these processes utilize fluidized bed
technology. Currently, fluidized bed gasification processes for the
productior of low-Btu fuel gas are under development by the following

organizations (Reference 4.45):

Bituminous Coal Research, Inc.,
U.5. Bureau of Mines, Bruceton
Ingtitute of Gas Technology (U-Gas)

Westinghouse Electric Corporation.

Davey Powergas, Inc. is offering Winkler-type gasifiers to U.5. customers
on a commercial basis. This process has been widely used in Europe and
Asia.

Typically, the fluidized bed gasification precess:

Tolerate a wide variation in fuel quality

Has excellent heat transfer between gas and solids
Provides for easy addition and removal of solids
'Permits gas to exit at bed temperature

Can agglomerate ash in the reactor

Uses crushed coazl,sc it can take total ROM

Has the potential for operating problems with strongly caking coals

Can be operated at a sufficiently high temperature level to eliminate
tars and ammoniz from fuel gas

Is capable 6f in-bed desulfurization

Requires multiple beds for countercurrent operation

Has raw fuels gas temperature range of 1033 to 1255°K (1400 to 1800°F)

Will probably have tar present at raw fuel gas temperatures 1144°K
(1600°F)

4.4,1.3 Buspension Gasifiers

Several suspension-type gasification processes have been developed

in Europe to a gommercial or semicommercial status. The Ruhrgas Vortex Gas
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Producer which gasifies pulverized coal in a refractory-lined cylindrical
chamber at atmospheric pressure was being developed in Germany in 1936.

The objective of the development wag to produce a low-Btu Industrial gas
from cheap coal. Only air is used in the blast, and the ash is removed as
slag. This process is apparently nut being ceongsidered by any U.S. customers
(Reference 4.46).

The Koppers-Totzek process was developed in Germany by Heinrieh
Koppers GmbH. The first demonstration unit was built for the U.S. Bureau
of Mines by the Koppers Co. (U.S.) in 1948. Sixteen commercial plants have
been built in Europe and Africa. The Koppers Co. (U.S5.) has the sole license
for design and construction of K~T plants in the U.8. and Canada {Reference
4.47). Oxygen is used in the blast rather than air, and the raw fuel gas has
a temperature of 1922°K (3000°F) and a heating value of 11.18 MJ/std m>
(300 Btu/sef).

The Szikla—Rosenik process was developed in Hungary. This process
was evalvated by the Franklin Institute in the late 19605 under OCR

funding and was found to be unsatisfactory (Reference 4.48).

Suspension-type gaesification processes are under development
in the U.S. by the followlng organizations (Reference 4.45).

# Babcock & Wilcox Co.
e Combustion Engineering, Inc.
¢ Bituminous Coal Research, Inc. (BCR) (Bi-Gas).

A four-company consortium has been formed for the purpose of
commercializing the airblewn version of the BCR process. These are: .

e Pittsburgh and Midway Coal Co. (a subsidiary of Gulf 0il Co.)
¢ Foster-Wheeler

¢ Turbodyne

©

Northern States Power,

A 12.6 kg/s (50 ton/hr) pilot plant is planned for completion in 1978.
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The characteristics of suspension-type gasification processes

ares

s High fuel gas temperatures [>1255°K (1800°F)] so tars and ammonia
are not present

Use of all grades of coal

Coal pulverization required

Recycle of char necessary to achieve acceptable carbon conversion

Cocurrent flow of reactants

Slagging of ash.

In addition to the above, there are a2 number of gasification
processes under development which use molten baths. The Applied Technology
Corporation process uses a molten irom bath to gasify the coal with air
and limestone to remove the sulfur. The M.W. Kellogg process gasifies
coal with air in a molten sodiumcarbonate bath. The North American Rock-

well process also uses ailr to gasify coal in molten sodium carbonate.

4.4.1.4 Low-Btu Processes

The low-Btu fuel gas processes which were considered in this
study included one from each of the three generic types: fixed bed,
fluidized bed, and suspension. The Lurgl gasifier, which is a fixzed
bed pasifier, produces a tar~bearing fuel gas at a temperature of about
811°K (1000°F) and is commercially available (see Figure 4.29). Westinghouse
is developing a fluidized bed gasification process under OCR funding
(see Figure 4.30). The product fuel gas will have a temperature of
about 1144°K (1600°F) and will probably be tar free. The BCR suspension-
type gasifier is under development with OCR funding. The product fuel
gas will have a temperature of about 1366°K ‘(2000°F) and will be tar free.

Figure 4.31 shows a flow diagrvam of the oxygen-blown version of this process.

Mathematical models had previously been developed for the chemical
reactions in the gasification piocesses. One is explicitly for the
Westinghouse fluidized bed process, and “he other is general. Computer

programs were available for both of these modéls for use in calculating
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Table 4.38 - Estimated Hot Gas Efficiency of Westinghouse
Fluidized Bed Gasification Process

Operating Conditiomns
Coal Iillinois No. 6

Moisture content of coal - 3z

Sorbent caleium/sulfur ratio - 1.5
550°F
saturated @ 250 psia

Process air temperature

Process steam conditions

Product fuel gas temperature - 1600°F

Losses (Percent of Coal Lower Heating Value)
Desulfurization reactions 2,.6%

Carbon losses in ash, etc. 1.0

Ash sensible heat 0.3
Sorbent sensible heat 1.7
Radiation 1.0
Recycle gas losses 0.3
6.9%
Heat of combustion of spent
sorbent 4.2%
Effective net loss 2,7%
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product fuel gas compositions. Other computer programs were avallable

for calculating the fuel gas heating values, molecular weight, and enthalpy.

There are two general categories of fuel gas desulfurization
processes: high temperature and low temperature. Experimental programs
now under way are invéstigating the scolid sorbents dolomite, limestone,
and iron oxide for high-temperature applications. A number eof low-

temperature desulfurization processes are commercially available. Examples

of these are the Benfield hot carbonate process (Reference 4.49), the
Stretford process (Reference 4.50), and the Shell Sulfinol process
(Reference 4.51). In this study dolomite was assumed for high—temperature
sorption, and the Benfield process was used for low-temperature de-

sulfurization.

It is advantageous to recover as much of the sensible heat in
the fuel gas as is possible when low-temperature desulfurization is used.
This 1s technically feasible, however, only if the fuel gas is tar free.

Since the raw fuel gas contains a high concentration of hydropgen sulfide,

heat exchanger metal temperatures must be kept below 811°K (1000°F) to aveid

severe corrosion problems. !

The losses in the Westinghouse multibed fluidized bed gasifica-
tion process are listed in Table 4.38. The gross thermal efficiency for
the process is about 93%. The spent sorbent contains calcium sulfide,
which can be oxidized to calcium sulfate with a heat of combustion equiva-
lent to 4.2% of the lower heating value of Iliinois No. 6 cecal dried to
3% moisture. This gives an effective net loss of only 2.7%Z and an overall

thermal efficiency of about 97%.

The cold gas efficiency is a funetion of the low-temperature
desulfurization process used and the amount of sensible heat recovered

from the fuel gas. If the fuel gas is ‘cooled to ambient temperature, and

none of ‘the sensible heat is recovered, the losses are increased by about

18 percentage points,

The auxiliary power requirements for the Westinghouse pasifica-

tion process, exclusive of the booster compressor, are estimated to be
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143 k3/kg (0.018 kWh/1b) of coal, which is equivalent to about 0.5% of
the energy in the coal.

Properties of low-Btu gases were calculated and compiled

for various cases, as shown in Table 4.39.

Table 4.39 - Low-Btu Fuel Gas Properties

Process Low-Temp. High-Temp.
Fuel Gas Air Temp., °F Desulf. Desulf,
Low-Btu/Westinghouge Fluid 350 % b4
Bed, I11linois No. 6 550 x X
Bituminous 750 x X
Low-Btu/Westinghouse Fluid 350 X
Bed, Montana Subbituminous 550 X
750 X
Low-Btu/Flull Bed, 350 X
North Dakota Lignite 550 X
' 750 : X
Low~Btu/Suspended Bed, 350 X
Illinois No. 6 Bituminous 550 x
750 x
Low-Lm/Fixed-Bed, 350 X
Illinois No. 6 Bituminous 550 X
750 b S

A sample fuel gas properties tazbulation is shown in Table 4.40. The com-
plete set of fuel gas properties tabulations for the listed cases is in-
cluded in Section 2, Tables 2.7 to 2.29.
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Table %4.40:~ Low~DLtu Fuel Gas Properties (Sample)

GASIFICATION PROCESS Westinghouse Fluldized Bed/High-Temp. Desulfurization
COAL Illinois No. 6 Bituminous
Lockhopper Inlet Conditions
Temperature - °F 150
Moisture Content 3%
SORBENT Dolomite . .
Sorbent/Coal Ratio 0.59 (0.53)

PROCESS AIR
Air/Coal Ratio 2.95 (2.65) : %
Temperature - °F 350 o v
Pressure - psia 250

PROCESS STEAM
'SteamICoal Ratio 0.462 (0.414)
Temperature - °F 400
Pressure - psia 250
PRODUCT FUEL GAS
' Tempezature - °F 1600
Pressure - psia 225
Composition-Mole Fraction ) : )

Nz 0.4597 Producf Fuel Gas/Coal
' : Ratio 4,31 (3.86)

02 0
Gasifier Aux. Pwr. l4.4
Hz 0.1437 (W/ib/e)
co 0.2142 Spent Sorbent Oxidizer Exhaust
o, 0.0830 Products
0 0.0681 ) Tia = °F 1500
st -0 Tout - 'F 300
CHA 0.0313 ' q-Btu/1lb coal 444 (399)
CZH4 0
Molecular Wt 24.55
Heating Value
LBV  136.57 Btu/sef 2111.65 Btu/ib
HEV 146,92 Btu/scf 2271.73 Btu/lb

LHV/HHV 0.9295
Enthalpy (400°R Base) - 539.33 Btu/lb

Stoichiometric Fuel/Air Ratio 0,728

(Values in parenthesis are for as received coal)
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4.4.2 Cost Correlations for Westinpghouse Fluidized Bed Gasifier
Subsystem

The coal gasification system, from coal/dolomite feed bins to

the flange in the discharge line from the particulate removal system, is
described in scme detail in Appendix A 4.2, This information is derived
from Bechtel's facility deseription for a single gasifier iImstallation as
prepared under OCR Contract 19-32-0001-1514 (Reference 4.52).

Correlations of the estimated costs of this subsystem as a func-
tion of capacity have been prepared for each of the specified ECAS coals
(see Figures 4.32, 4.33, and 4.34). Plots of estimated costs are given

for both high-temperature and low-temperature desulfurization processes.

The costs glven are total direct costs, including installation,
foundations, and suppért structures. The costs for the low-temperature
desulfurization cases include the heat ekchanger for recovering the
sensible heat of the fuel gas in a waste heat boiler.

The investment costs for the gasification systems are based on one
gasification reactor per turbine [a 4.27 m (14 £t) diameter reactor for a
W 501-D turbine up to a 5.18 m (17 £t) diameter reactor for a W 1501 turbine]
and on the uge of proportionately larger diameter reactors at lower pressure
[a 0.5074 MPa (5 atm) system would have a 7.32 m (24 ft) diameter reactor].

4,4.3 Low-Temperature Carbomization Technology

During the 19508, a number of low~temperature carbonization
processes were investigated for the production of fuel gas and char for
utility application. One such program was started im 1952 at Southern
Research Institute (SRI) to investigate the possibilitiles of lower cost
fuel for electrical power generation through the use of low-temperature |
carbonization, Thils program was sponsored by the Alabama Power Company
and was aimed specifically at the utilization of caking Alabama coals
{References 4.22 and 4.23).

A survey of existing information indicated that a process using
fluidized beds offered the most prumise of being an economical method of
processing large quantities of coal. In addition, it was indicated that ‘
preoxidation of the coal would prevent agglomeration of the coal parti-

eles. A small pilot plant was bullt to study the preoxidation and
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carbonization process reactions which used fluidized beds for both the
preoxidizer and the cerbonizer. After several medifications satisfactory
operation of the pilot plant was attained with the following operating
conditions:

® QCarbonizer bed temperature of about 755°K (S00°F)

o Superficial gas velocity in the carbomizer of
0.335 m/s (1.1 ft/s)

o Average retention time of char in bed of 1200 s
(v 20 min)

e Coal feed rate of about 0.490 kg/s~/m> (50 lb/hr-ft>)
of fluidized bed volume

e Combustion air rate maintained to release 930.2 kJ/kg
(400 Btu/lb) of coal fed into the carbonizer.

Operating data from the SRI lists were used to make a conceptual
design of a low-temperature carbonlzation process for application to open-
cycle MHD, where the fuel gas would be used at atmospheric pressure and
the char would be used at about 0.608 MPa (6 atm) (see Figure 4.35)., The
precxidizer would be used only for Illinois Wo. 6 bituminous coal, which
bas a free swelling index (FSI) of about 4.5 and is a caling coal. For
the Montana subbituminous coal and the NHorth Dakota lignite, which are
noncakiny, the preoxidizer would be eliminated, and the raw coal would be
fed directiy into the carbonizer.

Assays of coals after low-temperature carbonization found inm
the literature (Reference 4.55 and 4.56) were used to estimate the yield
and composition of the various carbonization products for each of the three
coals considered in this study. Table 4.41 gives the yields and properties
of the carbonization products from Illinols No. 6 bituminous coal for an
operating temperature of 755°K (900°F). Since the coal is preoxidized
at 589°K (600°F), 1t is dry when it enters the carbonizer.

Tables 4.42 and 4.43 give the estimated yields and properties
of the products of carbonization of Montana subbituminous ceal and
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Table 4.41 - Properties of Products of Low-Tempefature Carbonization of
Illineis No. 6 Bituminous Coal (Dry)

Temperature of Products - 900°F
Char

Weight fraction - 68%Z
HHYV - 11,900 Btu/lb

Tar

Weight fraction - 5.9%

HHV vapor - 16,200 Btu/Ib '
Fuel Gas
i Weight fraction - 23.1%
HHY - 3873 Btu/lb

£nthalpy - 305.7 Btu/lb
Composition - mole fraction

co, - 0.1635
§ 0, - 0.0060
' o - 0.0217
m, - 0.0554
CH, - 0.0425
cB, - 0.1724
N, - 0.5209
BS - 0.0177 --
Light Oil

Weight fraction - 0.4%
HEV vapor - 17,000 Btu/lb

{ Ammonia
Weight fraction -~ 0,1%
HHV vapor - 8500 Btu/lb

Water - 2.5%
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Table 4.42 - Preperties of Products of Low-Temperature
Carbonization of Montana Subbituminous Coal

Temperature of Products - 900°F
Moilsture content of coal as fired - 2
Char

Wedight fraction

HHV - Btu/lb
Tar

Weight fraction

HHV vapor - Btu/lb
Fuel Gas

Welght fraction

HHV - Btu/lb

Enthalpy - Btu/lb

Composition -~ mole fraction

=

Light 01l
Weight fraction
HHV vapor

_Veight fraction

e e e e R T N 1 e
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20

0.3395
12,230

0,0485
15,200

0.4410
789.2
250.7

0.2304
0.0182
0.0105
0.0433
0.uU049
0.0056
0.6872

0.0070
17,000

0.1640

16

0.3687
12,240

0.0517
16,200

0.4257
869.3
252.1

0.2314
0.0199
0.0113
0.0481
0.0054
0.0055
0. 6785

0.0070
17,000

0,1460__
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Table 4-43 —:Properties of Products of Low-Temperature
Carbonization of North Dakota Lignite

Temperature of Products - 900°F

Moisture content of lignite as fired- 7 27 18
Char '
Weight fraction 0.2597 0.3129
HHV - Btu/lb 11,955 11,995
Tar and Light 041l
Welght fraction 0.0262 ¢.0307
HHV vapor - Btu/lb 16,300 16,300
Fuel Gas
Wedght fraction 0.4955 0.4712
HHV - Btu/lb 438.8 521.5
Enthalpy -~ Btu/lb 245.1 246.2
Composition - mole fraction
CO2 0.2506 0.2679
co 0.0119 0.0144
H, 0.0109 0.0132
CH4 0.0220 0.0267
C2H4 0.0023 0.0028
HZS 0.0050¢ 0.005¢
N2 0.6973 0.6700
Water
Weight fraction 0.2186 0.1852
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North Dakota lignite, respectively, for two values of moisture content
at an operating temperature of 755°K (900°F). .Preoxidization is not re-
quired with these feedstocks, so they enter the carbonizer with the as-

fired moisture content.

The combustion air requirements for the fine carbonization

cases are given in Table 4.43.

v

In the early 1950s, United Engineers and Constructors carried
out an engineering study of low~temperature carbonization processes.‘ On
the basis'of available technical information, a preliminary design of a
t carbonization system was prepared. An engineering cost estimate was then
made for a plant of this type having a capacity of 8.946 kg/s (8520 tons/
day) of Ohio bituminous coal (Reference 4.26). The results of this cost
; analysis were used as the basis for a cost estimate of the carbonization
subsystem for application to open-cycle MHD. TFigure 4,36 is a correla-
tion of carbonization subsystem module cost as a function of module capac-
ity. Cost factors for each of the fine carbonization cases are listed.
The maximum diameter for the fluidized bed carbonization module was as-
sumed to be 15.24 m (50 ft). The maximum module capacity (tons/hr) is
listed for each of the five coal conditions. ’

Table 4.44 — Alr Requirements for SRI Carbonization Process

R TS T T T

Coal Illinois No. 6 Montana North Daﬁota
. Bituminous Subbituminous Lignite
Moisture, 7% 7 0 20 16 27 18 .
Temp., °F 800 900 900 900 900
Air, 1b/1b coal 0.27 0.56 0.52 0.67 0.59
4127
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4.4.4 Composition of Intermediate~Btu Fuel Gas

The Koppers-Totzek suspension gasifier was selected as the
preferred process for production of intermediate~Btu fuel gas from the
specified coals. Since the feedstock has a measurable effect on the fuel
gas composition from airblown low-Btu gasification processes, it was assumed
that there would be a comparable feedstock effect on the composition of

fuel gas from the oxygen-blown intermediate-Btu gasification process.

An existing gasification model was modified to simulate the
Koppers-Totzek process so that computed fuel gas composition would match
published composition for specified ecoals. This computer program was
then used to calculate the fuel gas composition from the Koppers-Totzek
gasifier for each of the ECAS coals. The reactant data and the calculated
composition of the raw fuel gas for each of the three specified coals are
listed in Table 4.45.

Table 4.43 -~ Koppers-Totzek Reactant Data and
Intermediate-Btu Fuel Gas Compositions

Illinois No. 6 Montana North Dakota
Bituminous Subbituminous- Lignite

N2 (% wol) 0.004 0.004 0.004
Hz 0.303 0.287 ¢.281
co 0.505 0.481 0.463
CO2 0.053 0.068 0.074
H20 0.128 0.159 ¢ 0.177
H,S 0.007 0.001 0.001

= Total 1.000 1.000 1.000
Ozlcoal 1b/1b 0.790 0.643 0.561
Stm/ecoal 1b/1lb 0.290 0.130 0.110
Raw gas/coal 1b/1b 2.030 1.750 1.651

Tables 4.46, 4.47, and 4.48 give the properties of the intermediate-Btu
fuel gas for each of the three coals after it has been desulfurized using

the Stretford low-temperature desulfurization process.
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Table 4.46 - Intermediate-Btu Fuel Gas Properties

GASIFICATION PROCESS Koppers—Totzek/Stretford Desulf.
COAL I1linois No. 6 Bituminous

Lockhopper Inlet Conditions
Temperature - °2F 150
Moisture Content 3
PROCESS OXYGEN
OZ/Coal Ratio 0.790
Temperature - °F 220
Pressure - psiz  14.7
PROCESS STEAM GASIFIER
Steam/Coal Ratioc 0.290
Temperature - °F 400
Pressure - psia 14.7
PRODUCT FUEL GAS
Temperature —~ °F 100
Pressure - psia 14.7
Composition-Mole Fraction

N 0.0043 ’ Product Fuel Gas/Coal
Ratio 1.87

0, ---
B,  0.3276
€0 0.5460

002 0.0573

B,0 0.0647

CH, - -
Molecular Wt 19.76
Heating Value

LHV 265.0 Btufscf 5089.2 Btu/lb

HHV 281.5 Btu/scf 5405.9 Btu/lb

LHV/HHV 0.9414

Enthalpy (400°R Base) 57.16 Btu/lb

STOICH. F/A 0.3289
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Table 4.47 - Intermediate-Btu Fuel Gas Properties

GASIFICATION PROCESS Koppers-Totzek/Stretford Desulf.
COAL Montana Subbituminous
Lockhopper Inlet Conditionms

Temperature -~ °F 150
Moilsture Content 20

PROCESS OXYGEN
02/Coal Ratio 0.643
Temperature - ‘F 220

Pressure - psia 14.7

PROCESS STEAM GASLFIER.
Steam/Coal Ratio 130
Temperature - °F 400
Pressure - psia 14.7

PRODUCT FUEL GAS
Temperature - °F 100
Pressure - psia 14.7

Composition-Mole Fraction

N2 0.0045 ) Product Fuel Gas/Coal
Ratio 1.38
0, -- -
H, 0.3194
co 0.5356
002 0.0757
H20 G.0647
HyS - -
CH,, - - -
C,H, ---
Molecular Wt  20.27 STOICH. F/A  0.3446
Heating Value
LBV  259.4 Btu/scf 4858.3 Btu/lb
HHV  275.5 Btu/scf 5159.5 Btu/lb

LHV/HHV  0.9416
Enthalpy (400°R Base) 55.97 Btu/1b
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Table 4,48 - Intermediate~Btu Fuel Gas Properties

GASTIFICATION PROCESS Koppers-Totzek/Stretford Desulf.

COAL North Dakota Lignite
Lockhopper Inlet Conditiomns

Temperature -~ °F 150

Moisture Content 27 REPRGDUCIBELITY QF THE

Ozlcoal Ratio 0.561
Temperature "F 220

Pressure - psia 14.7

PROCESS STEAM GASIFIER
Steam/Coal Ratio 0.110
Temperature — °F 400
Pressure - psia 14.7

PRODUCT FUEL GAS

Temperatvre -~ °F 100

Pressure - psia 14.7

Composition-Mole Fraction
N, 0.0046 Product Fuel Gas/Coal

: Ratio 1.29
)
Hy 0.3197
co 0.5268
co, 0.0842
HZO 0.0647
H,$
{

CZHA

Molecular Wt 20.4
E Heating Value
LHV  256.6 Btu/scf &4775.6 Btu/lb
HHV  272.7 Btu/scf 5075.1 Btu/lb
LHV/HHV 0.9410
Enthalpy (400°R Base) 55.72 Btu/lb

STOICK. F/A 0.350
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4.5 Pollution Contrel Technology

4,5.1 Emission Standards

The current emission standard and several advanced targets were
specified for use and/or evaluation in this study (see Table 4.49). 1In
order to put these in perspective, the overall pollution removal re
quirements for sulfur, particulates (ash), and fuel nitregen have been
compiled for direct firing of coal (Table 4.50, eoal~derived liquid
(Table 4.51), and coal-derived gases (Table 4.52).

4.5.2 Particulate Removal Requirements

The NASA-specified emission and advanced targets limits for
particulates from solid fuels are given in Table 4.50. The overall
degree of ash removal required to meet these emission stzndaéhs for
each of the three coals as shown in Tables 4.50, 4.51, and 4.52 indicates
that the degree of ash removal required is a weak function of the type
of coal., Thus, the general requirement for ash reméval for each emission

standard is as follows:

Standard Overall Ash Removal Requirement - %
Current 98.9
Advanced 1 99.9
Advanced 2 99.94
Advanced 2a 99.99

In ;ony combustion and gasification processes only a fraction
of the ash in the coal will be entrained in the combustion products
or in the product fuel gas. 1In grate-type processes. a major part of
the ash 1s removed from the grate; in slagging processes a major part
of the ash 1s removed as slag; in fluidized beds the ash can be agglomera-
ted. In many cases, therefore, the degree of ash removal from either
combustion products or from product fuel gas will be substantially less

rigorous than the overall values given above.

The requirements for residual ash particulate removal from
products of combustion from the several types of furnaces to be consider-
ed in this study are tabulated in Tables 4.53 to 4.56.
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Tabtle 4.49 - Emission Targets for the ECAS Study

Pollutant
o
e SOy
o
Nox
Particulates
Hydrocarbons
co

(< 1 ym)

Fuel

Selid
Liquid
Gaseous
Solid
Liquid
Gaseous
All Fuels
All Fuels
All Fuels

Present

Standard (1b)

1.2
0.8
0.2
0.7
0.3
0.2
0.1

l_b/lO6 Btu input

Standard 1

0.2
0.04
0.3
0.15
0.1

0.01%
0.01
0.04

Standard 2

0.1
0.02
0.12
0.11
0.1

0.005%
0.01
0.02

Standard 2 (a)

0.1
0.02
¢.12
0.11
0.1

0.001%*
0.01
0.02
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Table 4.50 - Overall Pollutant Removal Requirements

for Direct Firing of Coal?

Removal Required, % by WEt.

Illinois Montana North Dakota

Current Emission Standard

Sulfur 83.3 32.5 41.4

Particulates 98.9 98.8 98.9

Nitrogen 77.0 76.3 75.0
Advanced Target 1

Sulfur 97.2 88.8 90.0

Particulates 99.9 99.9 99.9

Nitrogen 90.2 89.8 89.5
Advanced Target 2

Sulfur 98.6 94.4 95.0

Particulates 99.94 99.94 99.94

Nitrogen 96.1 95.9 95.8
Advanced Target 2a

Particulates 99,99 99.99 99.99

#100% conversion assumed for fuel nitrogen.
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Table 4.51 - Ovegf;l/?’Iiutant Removal Requlrements
_.—Fot Coal-Derived Liquid Fuels?

Removal Required, % by Wt.
- Iilinois Montana North Dakota
Current Emission Standard
Sulfur . 89.0 55.0 61.4
Particulates 98.9 98.8 98.9
Nitrogen 90.0 89.9 89.3
Advanced Target 1
Sulfur 97.2 88.8 9.0
Particulates 99.¢9 99.9 9.9
Nitrogen 95.1 94.9 94.7
Advanced Target 2
Sulfur 98.6 94.4 95.0
Particulates 99,94 99,94 99.94
Nitrogen 96.4 96,3 96.2
Advanced Target 2a
Farticulates 99.99 99.99 49.99

#100% conversion assumed for fuel nitrogen.
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Table 4.32~ Overall Pollutant Removal Requirements
for Coal-Derived Gaseous Fuels

Removal Required, 7 by Wt.
I1linois Montana | WNorth Dakota

Current Emission Standard

Sulfur 97.2 88.8 90.3

Particulates _98.9 98.8 98.9

Nitrogen 93.4 93.3 92.8
Advanced Target 1

Sulfur 99.4 97.8 98.0

Particulates 99.9 99.9 99.9

itrogen 96.7 96.6 96.5

Advanced Target 2

Sulfur 99,7 98.9 99.0

Particulates 99.94 99.94 99.94

Nitrogen 9.7 96.6 96.5
Advanced Target 22

Particulates 99,99 99.99 99.99

3100% conversion assumed for fuel nitrogen.
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Table 4,53 ~ Particulate Removal Regairements for Products of
Combustion from a Dry-Bottom Pulverized Fuel Furnace

Illinois Ho. & Montana N. Dakota
Bituminous Subbituminous Lignite
Coal
Ash Content, % 9.6 7.5 6.2,

Emisslion Standard and Targets, Equivalept in Fuel, wt %

Current Federal 0.107 0.089 0.069

Advanced Target 1 0.0107 0.0089 0.0069
Advanced Target 2 0.0054 0.0044 0.0034
Advanced Target 2a ¢.0011 0.00089 0.00069

Retention of Ash in Furnace

Furnace Type, Pulverized Fuel,Dry Bottoem

Retention of Ash, 7 20
Effective Ash in Fuel,7 7.68 6.0 4.96

Removal Required from Flue Gas, %

Current Federal 58.6 98.5 98.6
Advanced Target 1 9%.9 99.9 99.9
Advanced Target 2 99.94 99.94 99.94
Advanced Tarpet 2a 99.99 99.99 99,99
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Table 4.54 - Particulate Removal Requirements for Products of
Combustion from a Wet—Bottom Pulverized Fuel Furnace

Illinods No. 6 Montana N. DBakota
Bituminous Subbituminous Liynite
Coal )
Ash Content, % 9.6 7.5 6.2

Emigsion Standard and Targets, Egquivalent in Fuel, wt %

Current Federal 0.107 0.089 0.069
Advanced Target 1 0.0107 0.0089 0.0069
Advanced Target 2 0.0054 0.0044 0.0034
Advanced Target 2a 0.0011 ©.00089 0.00069

Retention of Ash in Furnace

Furnace Type, Pulverized Fuel, Wet Bottom
Retention of Ash, % 50

Effective Ash in Fuel, % 4.8 3.75 3.1

Removal Required from Flue Gas, #

Current Federal 97.8 97.6 97.8
Advanced Target 1 99.8 99.8 99.8
Advanced Target 2 99.9 99.9 99.9
Advanced Target 2a 99.98 99.98 99.98
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Table 4.55 - Particulate Removal Requirements for Products of
Combustion from a Cyclone Furnace

Illinois No. 6 Montana - N. Dakota
Hituminous Subbituminous Lignite
Coal
Ash Content, 9.6 7.5 , 6.2

Emission Standard and Targets, Equivalent in Fuel, wt Z

Current Federal 0.107 0.089 - 0.069

Advanced Target 1 0.0107 (.0089 0.0069

Advanced Target 2 0.0054 0.0044 0.0034
_ Advanced Target 2a 0.0011 0.00089 0.00069

Retention of Ash in Furnace

Furnace Type, Cyclone-Slagging

Retention of Ash, % 70-80
Ef'ective Ash in Fuel, Z 2.4 1.88 1.55

Removal Required from Flue Gas, %

Current Federal 95.5 95.3 95.5
Advanced Target 1 99.6 99.5 99.6
Advanced Target 2 99.8 99.8 99.8
Advanced Target. 2a 99.95 99,95 99.96
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Table 4.56 - Ash Particulate Removal Requirements for Products
of Combustion from a Fluidized Bed Beoiler

Iilinois Bo. & Montana N. bakota
Bituminous Subbituminous Lignite
Coal
Ast. Content, 72 9.6 7.5 6.2

Emission Standard and Targets, (Equivalent in Fuel, wt %)

Current Federal 0.107 0.089 0.069
Advanced Target 1 0.0107 0.0089 0.0069
Advanced Target 2 0.0054 0.0044 0.0034%
Advanced Target 2a 0.0011 0.00089 0.00069

Retention of Ash in Furnace

Furnace Type, Fluidized Bed
Retention of Ash, % 0

Effective Ash in Fuel, Z 9.6 7.5 6.2

Removal Required From Flue Gas, %

Current Federal 98.9 98.8 98.9
Advanced Target 1 89.9 99.9 99.9
Advanced Target 2 99.94 99.94 99.94
Advanced Target 2z 96.99 99.99 95%.99

%1n fluidized bed combustion, unburned carbon and attrited serbent
particles are elutriated from the bed in addition to 100% of ash.
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There are other sources of particulates in addition to the ash
in the coal, In fluidized bed combustion and gasification processes the
bed materials, either inert or sorbent, are subject to attrition. All or
part of these attrited particles will be entraired in the products of
combustion or the product fuel gas and will have to be remeved along with-
the ash particles. The quantity of attrited bed material which is elutri-
ated from the bed is 2 function of the sorbent or bed material and whether
the sorbent is regenerated or not. TIn general, the projected particulate

loading from the sorbent is of the same-order as that of the ash.

In addition, in a2 number of combustien prqce?ses (e.g., flui-
dized bed combustion) and gasification processes (e.g., suspension type},
unburned carbon is entrained in the combustien preducts or the product
fuel gas and will alse have to be removed, not only to meet the emission
standards but also to attain a high degree of utilization of the fuel or
feedstock. In general, carben losses should be maintained at 1 to 2% of
the total carbon in the fuel. In integrated, low-Btu fuel gas processes
with high-temperature cleanup, fine carbon particles in the fuel gas
would be burned in the combustion apparatus and would net contribute te

either the carbon loss or the emissions.

In those power systems where products of combustion or product
fuel gas are expanded through a gas turbine or turboexpander, a high
degree of particulate removal is required to prevent erosion eof, corro-
sion of, and deposition on the gas turbine vanes and blades. The allow-
able concentration of particulates in the gas stream at the inlet of a

gas turbine has been predicted by Reference 4.3§ to be:
® Dust loading less than 0.343 g/std ma (0.15 gr/scf}.

e Concentration of particles greater than 2 um less
than 0.023 g/std m3 (0.01 gr/scf).

A concentration of 0.343 g/std m3 (0.15 gr/scf) iz equivalent to about
300 ppm by weight. If the ash in the coal is the only source of particu-
lates, the maximum possible particulate concentration in preducts of com-

bustion of the Illinois bituminous coal is about 1% by weilght. This indicates
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that the maximum degree of ash removal necessary for satisfactory turbine
life may be a8 low as 97%, which is significantly lower than the degree

of removal required to meet the current emission standard.

4.5.3 Particular Removal Apparatus Technology

4,5.3.1 Introduction and Review of State of the Art

Several of the advanced energy conversion techniques for utility
applications using coal and coal~derived fuels require the removal of par-
ticulaces from hot, high-pressure fuel gas streams as well as treatment of
cooler flue gases. The extent to which particulates must be removed is

determined by turbine erosion specifications and ecological requirements.

Particulate removal from low-temperature pas streams is a rela-
tively mature technology, and virtually any degree of emission control
from usual industrial sources can be obtained by use of one or more con-
ventional dust control devices. These devices include eyclones, wet
scrubbers, electrostatic precipitators, and fabriec filters. A short

review of the current status of these devices is presented here.

Low Temperature Gas Clegning Systems

Cyclones. Cyclone dust collectors have been in common use for
many years and the device is well understood from an empirical point of
view. The device basically operates by imparting a swirlihg motion to the
dust-laden stream. The heavy dust particles are then separated from the

gas stream by centrifugal force. Cyclones have the following attributes:

o No moving parts and therefore highly reliable, re-

quiring low maintenance
e Low initial cost

e Low to moderate pressure drop and, consequently, low

operating cost

e Can be refractory lined to allow use in high tempera-
ture

e Can be used in situations with high dust loadings.
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Fig. 4.37~Grade efficiency curves of various particulate removal devices
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The major disadvantage of the cyclones is that they generally have
relatively low collection efficiency for particles smaller than about

5 pm, as can be seen from Figure 4.37.
Recen:ly, two manufacturess introduced cyclones which they

claim have significantly better performance than previocus high—efficiency
cyclones. The first is the Aerodyne dust colleetor which is marketed by
the Aerodyne Developwznt Corporation for the Siemens Company. Grade

efficiency curves published by the manufacturer indicate a cut point at

about 0.5 um with 95% collection of 2 um particles, but initial laboratory

testing at the Westinghouse Research Laboratories indicates that when
operated in the recommended manner there is mo collectien below 2 ym and
the cut point is about 2.5 um, which is more typical of standard high-
efficiency cyclones. The Aerodyne collector dees have ome potential
advantage: 1ts performance s claimed to be independent of diameter.
This implies that a single, large unit could besfabricated rather than a
multiplicity of small units, as would be the case for conventional high-
volume, high—efficiency cyelones. The resultant reduction in complexity
and cost could be appreciable.

The other new aigh-efficiency eyelone is the Tan Jet Collector
which is manufactured by the Donaldson Cempany Inc. This device is
claimed to have a cut point in the 0.5 um range and a 95% efficiency for

3 ym particles., Westinghouse is evaluating a laboratory-scale umit.

Wet Scrubbers Wet-scrubbing devices for particulate removal
include a vast range of equipment types of widely varyine Jdesign. The

basic collection mechanism of all of these devices is the impactien and

collection of dust particles on atomized droplets of the scrubbing liquid.

The various types of scrubbers differ in the manner in which the dust-
laden gas is contacted with the scrubbing liquid. One of the most
successful of these devices 1s the Venturl scrubber,ir shich very high
relative velocities between particles and droplets are obtained. This
results in very good particle collection efficien.ies down to the 0.5 um
range and lower, as indicated in Figure 4.37.
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The advantages and disadvantages of wet scrubbers are summarized
as follows:
Advantages:
e Gas can be cooled simultaneously
o Can simultaneously remove vapors or gaseous contaminants
e Can pgive moderate to very high efficiency
e Are useful on explosive streams
¢ Have moderate installed costs.
Digadvantages:
® (Gas must be cooled and humidified.
s Soluble particulates may cause water pollution problems,
‘s Have liquid reintrainment and vapor plumes
o Require sludge removal treatment
e Have freezire problems
e Operating costs are relatively high.

Electrostatic Precipitators Electrostatic precipitation

usually requires four basic steps: (1) corona generation at the electrode
which leads to (2) par.iele charging because of impaction of ions on
particles, yielding a particle with a net charge, (3) the migration and
colleetion of the charged particle in the electric field, and, finally, (4)
removal of the collected particles by mechanical rapping or washing of the
collection electrodes. Electrostatic precipitators have been found to be
very effective in the control of particulate emissions since they maintain
high efficiencies even into the submicron particle size region, as
indicated in Figure 4.37, Precipitators have the following principal
advantages and disadvantages.
Advantages:
o Can handle large volumes of relatively high—-temperature
fup to 672°K (750°F)] gas
@ Have negligible pressure drop
® Have very high collection efficiency over wide range
of particle size and loadings
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e Have low operating and malntenance costs
s Have beén used widely and are reliable, '
Disadvantages:
e Require large installation area
# Have high ipitial cost
Are 1limited to noncombustible gases

L 4
e Cannot be operated at high temperatures.

Current efforts in the field seem to be directed toward
increasing the upper iimit »f operating temperatures and pressures and in
the investigation of varicus conditioning agents to enhance collection
efficiency. Work 1s also being carried out to overcome the preblems
asgociateﬂ with the collection of emissions from low-sulfur coals.

Fabric Filters Fabric filters for industrial use are usually
in the form of bags grouped into what is called a baghouse. The principle
of these collections is a simple filtration of dust by the flilter fibers

and the formation of a dust cake which enhances collection efficiency
by filling voids In the fabric. Periodically the bapgs must be cleaned
by a reverse alr blast or mechanical shaking. Fabric filters are capable
of very high (99+ %) efficiencies down to um-sized particles (Figure 4.37).
The principal attributes ef fabric filters are:
¢ Very high collection efficiency
® Relative insensitivity to turndowm
# Mechanical simplicity.
Problems associated with fabric filtration are:
¢ Temperature limitations [usually less than 561°K (550°F}]
* Relatively large space requirements
e Relatively high initial expense
@ Possible high cost of bag replacement,

As with other dust collection equipment, current work is aimed
at increasing the operating temperature for fabrie filters. The introeduction

of felted fluorocarbon materials has been one step in this direction, and
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work is being done on special glass and metal fibers for use at temperatures
ranging from 866 to 1478°K (1100 to 2200°F).
Hiph Temperature Gas Cleanup

Recently, emphasis has been placed on maximizing power
generating efficiency in order to comnserve natural resources, and this
has Inevitably led to higher operating temperatures and the need to clean
particulates from hot, high-pressure fuel gases. Cleaning hot gas is a
much more difficult problem than is cleaning cool gases, for the following
reasons:

e Wet scrubbing cannot be used.

@ Electrostatic precipitators de not work well because

most dusts are conductive at high temperatures.

e Fabric filters that cam withstand high temperatures

for extended periods of time are not yet commercially
available,

® Cyclone performance is impaired by the increase in

gas viscosity at high temperatures.

As has been noted, a preat deal of effort is being exerted
in an attempt to modify these devices to allow them to operate at high
temperature. There have been two recent reviews of the current efforts
on hot gas cleanup technology. The first is a report done by Aerotherm
for EPA (Reference 4.59), and the second is a report done for EPRI by
Stone and Webster (Reference 4.60).

0f the several devices being considered, only two are presently
developed to the point of commercial use. These are cyclones and granular
bed filters. As discussed earlier, cyclones can be refractory lined and !
used at high temperature to remove the bulk of large particles,

Granular Bed Filters Granular beds are simply beds of inert

refractory particles through which the dirty gas is passed. As a cake of
dust forms on the bed surface, the efficiency s increased because of the
cgke formed. Such beds are capable of 99+% efficiency on submicron
particles, and these filters are capable of operatien on corrosive, hot,
high-pressure gases. The problems assu2iated with granular bed filters

are the high-pressure drop through the bed and the necessity for periedic
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cleaning of the dust cake from the bed surface. Presently, there are two
granular beds offered commercially, ome by Rexnord Air Pollution Comtrol
and one by Ducon Company. Several other schemes are under development,
such as the Squires Panel Bed and Combustion Power Company's Pebble Bed.
The consensus seams to be that a system of cyclones and granular bed
filters presently offers the best solution to the problem of hot fuel gas
cleanup. ‘

4.5.3.2 Specific Particulate Removal Systems

Fluidized Bed Combustion The particulate removal system for a

fluldized bed combustion process is shown schematically in Figure 4.38.
Combuation gases containing char, dorbent, and ash are emitted from the
bed, enter a conventienal cyclone which sends the bulk of the particulates
to a carbon burnup cell where most of the char is burned. The gas stream
from the carbon burnup cell is combined with the effluent gas stream

of the first cyclone and led to a second, conventional cyclone, where
96.3% of the remaining particulates are removed. The gas then enters a
high-efficiency Aerodyne cyclone which reduces the particulates to a
level that is acceptable for current turbine specifications. After the
gas has passed through the turbines, coolers, and so on, it must be
cleaned further to meet ambient air gquality specifications. At this point
the gas is relatively cool and at low pressure, s8¢ a conventional electro-

static precipitator has been chesen to accomplish the final cleaning.

As a specific case for examination, a 300 MW coal-fired fluidized
bed combustion process has beén chesen. Pertinent material flows are
given in Table 4.57.

The following list of assumptions was made:

o Estimates of particulate loading and size distributions from
the primary beds can be made from elutriation considerations
(Reference 4.61).
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Fig. 4.38—Flow diagram of particulate removal sub-system for high pressure fluidized bed boiler
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Table 4.57 - Material Flows for Fluidized Bed Combustion
‘ Station 0 1 2 3y 8 5 6 7 8 9 10 1L
I . Y -
Carbon : 48,142| 2,302 2,217 - 1 85 222 307 11.36 296 .81 7.47 49
solids Ash ! 5,768} 5,768 5,555 - 1213 5,555 5,768 213.41 § 5,555 72.99 140,42 | 9.24
(1b/hr) Dolomite 44,500| 5,768 5,555 - 7213 5,355 5,768 213.41 | 5,555 72.99 140.42 | 9.24
Total 98,410(13,838 | 13,327 - ‘! 511  |11,332 J11,843 | 438 11,406 [149.8 288.3 19
i
Loading (gr/scf) 12.38 f .25 .365 .125 .0087
|
1
Gas Flue Gas - 631,800 - - 631,800447,797 679,597 |679,597 | - ~ 679,597 - - 679,597
(1b/hr) Alr 586,500 - - - - 45,803 \
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¢ The Aerodyne cyclone will perform as well as its

manufacturer claims

e Turbine specifications require total loadings to be
less than 0.343 g/std m3 {0.15 gr/scf) with a concen-
tration of 2 um and larger particles less than
0.0229 g/std m> (0.01 gr/scf)

s Current ambient air specificatians [43 g/GJ (0.10 1b/

6 . s

10" Btu)] correspond to 0.121 g/std o’ (0.053 gr/scf)
s The amounts of ash and char elutriated are equal
8 The carbon loss is 1.5%.

A complete set of calculations for each piece of equipment is
presented in Appendix A 4.3, along with grade efficiency curves for each

apparatus and inlet and outlet size distributioms.

The salient features of the calculations are that a level of
0.286 g/std m3 (0.125 gr/sef) with 0.0132 g/std'mB.(O.OOSS griscf) greater
than 2 ym can be achieved with the userof two standard cyclones and one
Aerodyne unit. An electrostatic precipitator (ESP) is required for final

cleanup to meet ambiznt air quality standards.

*
An estimate of equipment costs for this plant is included
below:

Ducon Cyclones C, and C, § 335,000 each
Aerodyne Cyclone Cy 336,942 each

Research Cottrell Electrastatic 4,246,619 high efficiency
Precipitator 2,150,187 low efficiency

Tor the plant assumed, eight Ducon Cyclone units, four Aerodyne
units, and one electrostatic precipitator zire required, A reduction in
ESP costs by a factor of 2 can be realized by using a low-efficiency ESP
which will just make current air quality standards. It may make more
sense to pay more initially for the high-efficiency ESP and avoild future
problems with stricter future air standards.

*Cnst base - June 1974,
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Westinghouse Fluidized Bed Gasifier The particulate removal

scheme envisioned for the Westinghouse fluidized bed gasifier is shown

in Figure 4.39. Three major pieces of dust collection equipment are
required to meet rurbine and ambient air gquality standards. The raw fuel
gas from the gasifier is fed into a conventional cyeclone, which returns

the bulk of the char fines to the bed. The fuel gas then is passed through

2 a high-efficiency Aerodyne unit which removes 61.3%7 of the remaining

entrained particulates and reduces the leading te 1.185 g/std w (0.518 gr/sef).
The fuel gas is then passed through a granular bed filter for final clean-

ing. The granular bed filter cleans the gas to the extent that it meets

both the turbine specifications and the ambient air quality standards.

Three cases have been considered, corresponding to different

air/fuel ratios, Case 1 had an air/fuel ratio equal to the stoichiometrie

ratio; Case 2 was twice Case 1; and Case 3 was three times Case 1.

{ Because of the high dilution of the fuel gas with clean combustien air

in Case 3, the concentration of particulates leaving the Aerodyne unit

i 1s low encugh to meet turbine specifications, but it is not low enough to
meet air quality standards. One, therefore, has the option in the third
case of eliminating the final high-temperature ¢leanup system, the granular
bed, and choosing to place a final cleaning unit after the turbines at

; lower pressure and temperature. The granular bed should be left in the
system for Case 3 for twoe reasons: (1) it allews more flexibility in
operating the system, since it will bandle large variations in dust
loadings and still protect the turbine; and (2) the volume of gas treated
¢"ter the addition of alr and reduction of pressure and temperature is se
large that very little cost reduction is realized by being able to treat
low-temperature flue gas.

As a basis for caleulation, the 15.12 kg/s (60 ton/hr) flui-
dized bed coal. gasification system deseribed in Referemnce 4.62 has been
chosen. A higher elutriation rate for the ash has been assumed; it was
alse assumed that an equal amount of sorbent would be elutriated. This
; raises the initial grain loading from 30.66 gfstd m3 (13.4 gr/sef) to a
: more censervative 64.0% g/std 3 (28 gr/sef).
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Initial particle size distributions were reached from the same i
considerations as thcse used in determining the distributions for the é
flvidized bed combustion process. The grade efficiency curves for the {
cyclones were modified to reflect the somewhat lower particle demsities.
This had very little effect on their predicted performance. A complete :

set of ecalculations is included in Appendix A 4.3.

Estimates for the costs®* of the equipment are as follows:

Ducon Cyclone $ 361,000 |

i
Aerodyne Unit . 349,000 !
Ducon Granular Bed 765,000 :

4,5.3.3 Cost Correlations for Particulate Removal Equipment é

An attempt has been made te correlate the cost of frequently
used, high-pressure, high-temperature dust collection equipment as a :
function of volumetric thre¢-ghput, and of temperature and pressure in é
the region encountered here, in other words, 811°K < T < 1366°K :
(1000°F < T < 2000°F) and 1.013 MPa < 2.026 MPa (10 atm <P< 20 atm). ;
The effect of pressure on equipment cost is reflected in the pressure
vessel cost. In the pressure range considered here the cest variatioms
due to pressure are small compared with uncertainties in other coests, so

an explicit dependence on pressure has not been included. 2

Temperature affects the equipment cost through the cest of
insulation in the pressure vessels that enclese the particulate removal
equipment. Refractory costs are about $883/m3 ($25/ft3) installed and
can, therefqre; be an important consideration. If one assumes an
acceptable heat loss for the vessel and a skin temperature of about
422°K (300°F), the insulation thickness is a.linear function of the

.
;
;
;
3
i
z
B
E
4
:

inside temperature; and the cost of insulation is, then proportional to

the temperature of operation.

Cost correlations were obtained by costing out systems for which

quotations have been obtained, and applying scaling exponents for the various

%
Cost base - June 1974
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components. This result was then normalized to the quoted price for the
equipment. The results of these caleulations are shown in Equations 4.28
through 4.32., there Q@ is acfm, T is in °F, and C(T, Q) is the equipment

cost in dollars.

Ducon Cyclone System

0.67
c(T, Q) = [—;—35—6] [6500 {ﬁ] + 4134] [6—2"@] + 46,980 [_.___62‘3000]

0.85
+ 26,100 [ﬁ%ﬁﬁ] (4.28)
Aerodyne Unit
0.67
« (131 T _Q 8
e, v = [ s () + om| ) + o120 st
0.85
I
+ 165,882 [31’2.00 (4.29)
Ducon Granular Bed
c(r, Q) = (290) 7084 (21 + s638| [+Qr] + 48,720 o %%
’ 65 1000 16,000 , 10,000
o 0.47
+ 41,409 [‘m} + 8470 [10’000] {4.30)
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Electrostatic Precipitator 408°K (275°F), 101.3 kPa (14.7 psi) abs

c@) = 99.24 (@278 High Lificiency ESP (99.5%)  (4.31)

€(Q) = 50.24 (Q)O‘78 Low Efficiency ESP (90%) (4.32)

In reality, the equipment is modular, so the cost is really a
discontinuous funetion of throughput rather tham the continucus-type
function indicated; but the expressions can be used teo give estimates of
costs sufficiently aceurate for generalized comparison of power system

concepts,

It should also be noted that installed costs for electrostatic

precipitators and high-efficiency cycleones are as follows:
e ESP - Installed Cost = 1.65 x Purchase Cost

1.8 x Purchase Cest

i}

® Cyclones - Installed Cost
e Aerodyne - Installed Cost = 1.225 x Purchase Cost.

The power requirements for the various types of particulate

removal equipment are approximately as follows:

Apparatus Powerkgequirement
W/acfm
Medium-ef ficiency cylone 0.84 x ].0"3
High-efficiency cyclone 1.12 x 1073
Electrostatic precipitator 0.50 x 10_3
Granular bed filter 4,70 x 1073
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4.5.4 Sulfur Removal Requirements

The overall requirements for sulfur remeval fer the current
standard and the zdvanced targets are given in Table 4.58 for each of
the specified coals. Since essentially all of the sulfur in the coal
appears in the products of cembustion as sulfur dioxide (802) fwith 2
to 3% sulfur trioxide (803)] or in coal-derived fuel gas as hydrogen
sulfide (st) {with small quantities of carbonyl sulfide (COS})], the
requirements for overall removal listed in Table 4.58 are specifically

applicable to flue gas and fuel gas desulfurization processes.

Iﬁ recent menths flue gas desulfurization (FGD) systems* have
reached a Jhrning point with respect to technical success and the number
of orders placed by utilities. This is not to say that all problems have
been solved. Most prototype FGD systems with chemical preblems, such as
gcaling, seem to bhe finding satisfactory seolutions; mechanical problems
{e.g., venturi plugging, fan vibration, etc.) have been more troublescme,
While most of these problems are not majer, they have led to low avall-
ability.

Table 4.59 (Reference 4.63) summarizes the number and total
megawatts of FGD systems in operation, under construction, or planned
in the U. 8. as of November, 1974. Of the 98 units totaling about
38,000 MW, approximately 87% will be on stream by 1980 (Figure 4.40 from
Reference 4.63). Many more units undoubtedly will be ordered if clean

alr standards are enforced.

*
In the context of this discussion FGD systems remove not only sulfur
compounds but particulates as well.
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Table 4.58 - Pollutant Removal Requirementsa

Removal Required, % by Wt.
Illinois Montana North Dakota

Current Emission Standard

Sulfur 83.3 32.5 41.4

Particulates 98.9 98.8 98.9

Nitrogen 77.0 76.3 75.0
Advanced Target 1

Sulfur 97.2 g88.8 90.0

Particulates 99.9 99.9 99.9

Nitrogen 90.2 89.8 89.5
Advanced Target 2

Sulfur . 98.6 94.4 95.0

Particulates 99.94 99.94 99,94

Nitrogen 96.1 95.9 95.8
Advanced Target 2a

Particulates 99.99 99,99 99,99

BlOOZ conversion assumed

for fuel nitrogen.
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Table 4.59 - Number of Units and Tetal MW of FGD Systems

Status Units M
Operational 19 3,291
Under Construction 17 ) 6,777
Planned

Contract awarded 12 6,640

Letter of intent 4 905

Requesting/evaluating bids 9 3,751

Considering FGD 37 16,472

98 37,836

Sulfur dioxide removal efficiencies for operating units range
from 70 to 90%, and particulate removal efficiencies are approximately
997%. Installation sizes vary from 30 te 800 MW. FGD systems have been
applied to beth low- (0.4 to 1%) and high- (6Z) sulfur coals. The non~
regenerable (throwaway) systems have used various metheds of disposal,
including ponding, dewatering for landfill, and fixation for landfill.
Regenerable systems to date have been for the production of sulfurie
acid, but elemental sulfur recovery units will be coming on stream in

the near future.

4.5.4.1 TVA Appraisal of Five Flue Gas Desulfurization Systems

TVA, under contract to EPA, recently made a cost appraisal of
the five most advanced flue gas desulfurization processes-limestone
slurry scrubbing, lime slurry serubbing, magnesia slurry scrubbing with
regeneration to produce sulfuric acid, sodium solution scrubbing with
regeneration to produce sulfur, and catalytic oxidation (Reference 4.64).
A brief description of these processes and the organizationms supplying

representative system data are given in Appendix A 4,5. The process data

represent the state of technology in late 1973 and are the most recent
available.
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Table 4.60 - Limestone Slurry Process
Summary of Estimated Fixed Investment®

(500-MW new coal-fired power unit, 3.5% S in fuel;
90% S0, removal; onsite solids disposal)

Percent of subtotal
Investment, 5 direct investment

Limestone receiving and storage

(hoppers, feeders, conveyors,

plevators, and bins) 419,000 2.6
Feed preparation (feeders, crushers,

elevators, ball millse, tanks, and

pumps) 899,000 5.6
Particulate scrubbers and inlet

ducts (4 scrubbers including com—

mon feed plenum, effluent hold

tanks, agitators, and pumps) 3,203,000 10,:
Sulfur dioxide scrubbers and ducts

{4 scrubbers including mist elimi-

rators, effluent hold tanks, agi-

tators, pumps, and exhaust gas

ducts to inlet of fan) 4,745,000 29.5
Stack gas reheat (4 indirect steam
reheaters) 556,000 3.5

Fans (4 fans including exhaust gas

ducts and dampers between fan and

stack gas plenum) 854,000 5.3
Calcium solids dispossal {oasite dis-

posal facilities including feed

tank, agitator, slurry disposal

pumps, pond, liner, and pond water

return pumps)} 3,923,000 24,4
Utilities (instrument air generation

and supply system, plus distribu~-

tion systems for obtaining process

steam, water, and electricity from

the power plant) 67,000 0.4
Service facilities {(buildings, shops,

stores, site development, iocads,

rallroads, and walkways) 638,000 4.0
Construction facilities ___165,000 4.8
Subtotal direct investment 16,069,000 100.0
Engineering design and supervision 1,446,000 9.0
Construction field expense 1,768,000 11.0
Contractor fees 803,000 5.0
Contingency 1,607,000 10.0
Subtotal fixed investment 21,693,000 135.0
Allowance for startup and modifi-
cations 1,735,000 10.8
Interest during construction (8%/
annum rate) 1,735,000 10.8
Total capital investment 25,163,000 156.6
aBasis:

Stack gas reheat to 175°F by indirect steam reheat.

Dispoeal pond located 1 mile from power plant.

Midwest plant location represents project beginning mid-1972, ending
mid-1975, Average cost basis for scaling, mid-1974.

Minimum in process storage; only pumps are spared.

Investment requirements for disposal of fly ash excluded.
Construction labor shortages with accompanying overtime pay incentive
not considered.
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The limestone slurry flue gas desulfurization process is the
preferred process for use in this study. It is capable of at least 90%
sulfur removal, which will meet the current sulfur removal requirements
for all three coals. This degree of sulfur removal will also meet
Advanced Ta-get 1 requirements for the Montana and North Dakota coals.
It is probable that this pfocess could be designed for greater than
90% sulfur removal. The cost of the equipment for higher degrees

of sulfur removal, however, is mot known.

The cost estimate for the limestone slurry process made by TVA
assumed that the particulate removal in the process was sufficient to
meet the eurreant emission standards, in ether words,98.9%. High-energy
scrubbers are capable of a significantly higher degree of particulate
removal than that, but the cost of the more efficient scrubber is not

known.

The estimated fixed investment for the limestone slurry process

from the TVA study (Reference 4.64) is tabulated in Table 4,60, The total

capital investment for a 500 MW unit with 3.5% sulfur coal, 90% sulfur
removal, and on-site disposal of waste solids comes to $50.30/kW. Table
4,61 ghows that meodification of projeet scope and use of wore pessimistic
assumptions can drive the capital invegtment estimate up by 125%. An
accuracy analysis of the cost estimate for the limestone slurry process
showed the variance for the tetal capital investments te be -22.5% and
+57.1%. The equipment and material and coenstructien laber cost estimates

are shown in Table 4.62 as follows:

Table 4.62 - Cost Estimates

Cost - $/kW
Min. Base Max.
Process Equipment and Materials §13.71 $15.62 $18.54
Construction Labor 6.31 7.42 9.28
§20.0z $23.04 $27.82
Percent Variance - -13.1 +20.7
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Table 4.61 - Limestone Slurry Process Investment with Medified Project Scrpe

Investment,
$/kW
BASE INVESTMENT - LIMESTONE SLURRY PROCESS (Including Fly Ash Removal but Not
Disposal)
500-MW new coal-fired unit burning coal with 3.5% 5, 12% ash, 90% S02 removal,
30-year life 127,500 hours operation, onsite solids disposal, proven systems, only
pumps spared, no by-pass ducts, experienced design and construction team, no over—
time, 3-year program, 5% per year escalation, mid-1974 cost basis for scaling 50.30
A. Overtime to accelerate project or cover local demand requirements
(50% of construction labor requirements) 3.20
B, Research and development costs for first of a kind process technology*
=~ {as allowed by FPC accounting practice) 5.00
: .
5 C. Power generation capital for lost capacity (nmormally covered by appropriate
operating costs for power used in process) 4.50
D. Reliabilicy provisions with added redundancy of scrubbers, other equipmeat,
ducts and dampers, instrumentation for change over (assumes no per-
mission to run power plant without meeting 509 removal emission standards
at all times) : 6.00 <
E. Additional by-pass ducts and dampers 2.00
F. Retrofit difficulty--moderate, space avallable beyond stack, less than three
shutdowns required for tie-ins, field fabrication feasible 10.00
G. Fly ash pond including closed-loop provisions 5.50
H. 500-ft stack added to project cost 6.00
I. Air quality menitoring system, 2 to 15 mile radius, 10 stations 0.70
J. Cost escalation of 10% per year instead of 5% 4,80
K. Possible delay of up to 2 vears in equipment and material deliveries
(1977 coupletion instead of 19735) 15.00
Total 113,00

o
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The TVA study assumed a wet-wet system for the limestone slurry
process. A scrubber was used ahead of the sulfur dioxide removal process
to remove most of the particulates. Chas. T. Main, Inc. and a principal
supplier of limestone slurry systems (Reference 4.65) recommended the use
of a low-efficiency electrostatiec precipitater ahead of the sorbent
scrubber. The cost for the limestone slurry process, excluding the

electrostatic precipitator, was assumed to be as follows (Reference 4.66):

Equipment and Materials $27.70/kW
Installation Labor 12.70
Total $40.20

The correlations of cpst as a function of capacity and sulfur
content of the coal given in AppendixA 4.5 were used to generate multipliers
to apply to the above base cost. The limestone/coal raties fer Illineis No. 6
and Montana coals, and for North Dakota Lignite, were assumed to be 0.15,
0.031, and 0.027, respectively.

For a number of years, Westinghouse has been engaged in the study
of in-bed desulfurization of the preoducts of combustion of a fluidized bed
combustor under EPA Contract No. 68-02-0605 (References 4.8 and 4.34),
Consideration has been given teo both regenerative and once-threugh
processes,with limestone or dolomite being used as the sorbent. The
cycle of reactions for the regenerative process are shown in Figure 4.41,

and the process reactions for the regenerative cvcle are given in Table 4.63.

The quautities of dolomite required for in-bed desulfurization

of the products of combustien of the three specified ceals are as follows:

Coal I1linois Ne. 6 Montana N. Dakota
Moisture content -% 3 20 27
Dolomite/coal ratio 0.59 0.12 0.11

4,5.4,2 Fuel Gas Desulfurization Processes

There are two general categories of fuel gas desulfurization ~high

and low temperature. High-temperature fuel gas desulfurizatiom processes
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Table 4,63 - Calclum Carbonate/Sulfur Cycle Basic Reactions

Applicable Fuel

Reaction :
ac Operating Conditions Processing Option

Sulfur Removal

Cal
1. + S0, + 1/2 0, + CaS0, + 1300°F < T < 1850°F Combustion
[Cacos] z z 4 [002] P: 1 to 20 atm

. o LAl b e ) e B

Stone Regeneration

4, 4 1,0 :
T 2. CaSOa-k 4 o +Cal + 4 Co L < 1le00°F Combugtion . :
e 2 \at elevated pressure) :
~I H
3. Cas + HZO + 06, > €aC0, + H,S T < 1500°F Combustion i
P> 5 atm (at elevated pressure}
L
i'"
<y /ﬂ B L —— o X
. V4 %
A -

AL, i .
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under development use dolomite or limestone and iron oxide. Numerous low-
temperature desulfurization processes are commercially available, ameng

them the Benfield, Stretford, Sulfinex, and Selexol processes.

’

Westinghouse is engaged In the development of a high-temperature
fuel gas desulfurization procéss under OCR Contract No. 14-32-0001-1514
(Reference 4.67). Dolomite has been identified as the preferred sorbent
for operating temperatures of approximately 1144°K (1600°F), The sulfur
in the fuel is converted prirarily to hydrogen sulfide, which reacts with

the sorbent as follows:

~ Mg0 - CaCO, + CO

MgCO, - CaCO 3 )

3

MgO - Ca003 + H_ 5 -+ Mg0 - CaS + 802 + H20

2
In the first-generation, once~through version of this process, the spent
sorbent is oxidized te the sulfate form to obtain a waste solid which is

more easily dispesed of. 1In the regenerative proecess, the spent stene

is regenerated and by-product sulfur is produced by the following reactiens:

Mg0 + CaS + H,0 + C02 < Mg0 - CaCD3 + H,5

2 2
3, » HO+ S0

H,S +50,% 2 2

: >3

2st+soz+;sx+2}120

The once-through and regenerative dolomite desulfurization
processes remove about 95% of the hydrogen sulfide in the hot fuel gas
and little or none of the carbonyl sulfide. The carbonyl sulfide concen-
tration in the fuel pas from the Westinghouse fluidized bed gasification
process is projected to be equivalent to approximately 5% eof the sulfur
in the fuel gas. The fraction of the sulfur removed is, therefore, about
90%.

In order to meet the NASA-specified sulfur dioxide emission
raquirement for gaseous fuels (if.e., 0.2 1b 502/106 Btu input), 97.27%

of the sulfur in I1linois Neo. 6 coal must be removed. Because of the
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inability of dolomite to remove carbonyl sulfide, the fraction removed
is significiently below the target value. The meore appropriate emission
limit for solid fuels [516 g/GJ (1.2 lbllﬂﬁBtu)] can eagily be met by

the use of dolomite for high-temperature desulfurization.

The Morgantown Energy Research Center of ERDA tested 48
materials for their ability te -absorb hydrogen sulfide from hot producer
gas in the temperature range of 811 to 1089°K (1000 to 1500°F)
(Reference 4.68). It was determined that the materia’ that is best from
the standpeint of abserption capacity, durability, and amenabillity co
regeneration is sintered pellets of 75%Z f£ly ash and 25% ferrous exide.

Tests of this sorbent in a side stream of fuel gas froem the
Morgantown Energy Research Center stirred, fixed-bed, airblown gasifier
at a temperature of 866°K (1100°F) shows that 90 to 94% of the hydregen
sulfide was removed, the operation was not adversely affected by the tars
and particulates in the fuel gas stream, and sorbents remained in good
eondition during the 54 ks (15 hr) runs (Reference 4.69). Fine
carbeneous material accumulates in the sorbent bed but is burned off
during the regeneration cycle. The main problem with this process is
controlling the temperature during regeneration so as to prevent ex-

cessive pore fusing or glassing of the sorbent.

Dolomite sorption was selected as the high-temperature fuel
gas desulfurization process for use in this study. The quantities of
dolomite required for desulfurization of the low-Btu fuel gas from the
three specified coals were given previously. The energy required for
the desulfurization reactioms are included in the gasification process
performance caleulations. Costs for desulfurization using dolomite
were included in the estimates of the costs of the Westinghruse gasifi-

cation proecess.

The Benfield proness was selected for use in low-temperature
desulfurization of product fuel gas at pressures greater than 101.3 kPa
(1 atm). The Benfield process was developed by the BOM at Bruceton
near Pittsburgh and is marketed by the Benfield Corperatiou.
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Approximately 50 installations of this process have been made around
the world. The sorbent used is hot potassium carbonate, and the
operating temperature is in the range of 366 to 394°K (200 te 250°F).
This sorbent removes about 95% of the hydrogen sulfide and 30Z of the
carbon dioxide from the product fuel gas. The sorbent is regenerated

and sulfur is recovered by the use of a Claus process.

In gas turbine applications extreme care must be taken to
prevent the carry-over of the sorbent. The use of a demister in the
stream following the sorbent is indicated te provide adequate control
of the carry-over of potassium compounds. Cost estimates feor this process

were based on quotes from the Benfield Corperation.

The Stretford process was selected for use in low-temperature
desulfurization of product fuel gas at near atmospheric pressure. It
was developed in England by the North Western Gas Board. The sorbent
medium in the Stretford process is an aqueous alkaline solution of a
conmercial dye intermediate containing salts of one or more of the
anthraquinone disulfonic acids. Sodium metavanadates are added to
assist the dye intermediate. Three stages are involved in the desul-

furization and regeneration process. These are:

e The removal of hydrogen sulfide from the fuel gas by
the alkaline washing medium

® The reaction between the hydrosulfide ions formed in
the washing stage with carbonyl radical of the anthra-
quinone disulfonie acid which give sulfurie acid and a

reduced form of the reagent

e The regeneration of the original anthraquinone disulfenic

acid from the reduced form by oxidation with air.

Costs for this process were based on information from the U. S. licensee

of the process.

The July 1974 cost of dolomite was assumed to be $3.31/Mg
($3.00/ton) at the quarry. Assuming 6.85 mills/lig~km (10 mills/ton-km)

transportation cost and 483 km (300 mi) transport distance gives a
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transportation cost of $2.59/Mg ($2.35/ton) and a total cost of
($5.35/ten).

Ground limestone stored in an open pile in a humid region will

equilibrate at a moisture content of about 4%Z.

4£.5.5 Nitric Oxide Control Technology

The current emisgion standards for NOx emissions from power

plants are as follews:

Fuel Type NOx Limit - lb/lO6 Btu
Solid 0.7
Liquid 0.3
Gaseous 0.2

Oxides of nitrogen are produced during the combrvstion of hydrocarbon fuels
with air. Oxides of nitrogen come from two sources: fixation of the free
nitrogen in the combustion air and conversien of the bound nitrogen in the
fuel. Nitriec oxide (NO)} forms initially in the combustion reaction zone
or immediately following the reaction zonme. The nitric oxide is converted
to nitrogen dioxide when it is mixed with atmospheric air. Adir pellutien
regulations are written around the sum of nitrogen oxides commenly

referred to as NOx but measured as nitrogen dioxide.

The mechanism of formation of nitric exide in flames from the
uitrogen in the combustion air is well understood in quantitative detail.
From the nitric oxide formationm rate equations, it can be ebserved that
the basic parameters which centrol the formation of NOK are flame
temperature, residence time at flame temperature, pressure, and the
mele fractions of nitrogen, oxygen, and nitric oxide at the end of the
combustion precess. Any NOx control method involves one or more of

these basic parameters.

In diffusien flames the chemicaliy bound nitrcgen in the fuel
reacts with atomic oxygen to form nitric oxide during the shert period

of time (microseconds) characteristic of the carbon-hydrogen-oxygen
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reaction. During this time period, the fixation of molecular nitrogen
from,the'combustion air through the Zeldovich mechanism is, for all
practical purpos=s, negligible. In addition, the presence of the

nitric oxide derived from the chemically bound nitrogen tends to

suppress the subsequent formation of nitric oxide through the Zeldovich
mechanism of thermal nitric oxide. Consequently, the net conversioﬂ of
bound nitrogen is less than 100% when conditions are conducive to thermal
nitric oxide formation. The net conversion of bound nitrogen is not a

fized number but is a function of the nitrogen content of the fuel and
the flame temperature,

Fluidized bed ecombustion of coal takes place at temperatures
approximately 111°K (200°F) below the ash fusion temperature [+ 1533°K
{ 2300°F)]. With in~bed desulfurization using limestone/dplomite the
operating temperature range is restricted te 978 to 1283°K (1300 to
1850°F). This temperature range is well below the level where fixation
of free nitrogen through the Zeldoevich mechanism becomes negligible
[1611°K (about 2800°F)1. Experimental investigations by Exxon
(Reference 4.70) and NRDC (Reference 4.71), however, have shown that the

conversion of bound nitrogen is substantially below 100%,

Several techniques have been developed for nitric exide control

in conventional pulverized coal-fixed boilers (Reference 4.72). These are:

& Low excess air cowbustioen
o Flue gas recirculatien

& Water injection

e Staged combustien
o Reduced air preheat temperature
e Load reduction

e Combustion modifications.

Current nitric oxide emission standards can readily be met by application
of the above techniques or combinations thereof, The cost of nitric

oxide control ranges from about $1/kW for low excess air cembustion to

about $3/kW for staged combusction.
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Techniques for nitric oxide control in cyclone furnaces are
somewhat restricted because of the limited flexibility of this design
(Reference 4.72), Investigations of staged cyclone combustors for MHD
applications, however, indicate that this technique should be generally

applicable for cyclone furnaces.

As stated earlier, there is essentially no fixation of free
nitrogen in fluidized bed combustion, and the conversien of bound
nitrogen is substantially less than 100%. Figure 4.42 is a composite
plot of the NOX emission data from Exxon and NRDC which shows that the NOx
emissions from fluidized bed combustion of coal is well below the current

EPA emission standard over & range of excess air levels up to about 50%.

Extrapolation of the Exxon and NRBDC data indicates that the
NO emissions for adiabatic fluidized bed combustion would alse be
below the EPA emission standard of 0.7 1b NO /10 Btu inpuc. Data from
the Combustion Power Company's process development unit indicates that
the NO emission level from an adiabatic combustor (excess air 200 to
300%) is in the order of 0.4 1b NO /10 Btu input.

The predicted nitrie oxide cencentrations in the preducts
of combustion of various fuels when burned im conventional cell or

circular register burners applied to fired heat exchangers are given in
Table 4.64.

The current emission standards for power plants are specifically
for plants having heat inputs greater than 73.25 MJ/s (250 x 106 Btu/hr),
which is equivalent to a gas turbine of 20 to 25 MW capacity. Utility
gas turbine models recenély put on the market by the major manufacturers
generally exceed this capacity level. These emissien limits, however,

have not been generally applied to gas turbines.,

The current emission standards for NOx as applied to gas tur-
bines in this study are expressed in 1lh of nitrogen dioxide/106 Btu heat
input. ' The cerespouding allowable stack-gas concentration as a function

of alir equivalence ratio (¢air) and fuel are shown in Table 4.65,
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Table 4.64 = Predicted Nitric Oxide Concentrations in Conventional
Burners Applied to Fired Heat Exchangers

Concentration in Combustion Products

Fuel (ppm by volume)
Minimum Maximum Mean
High-Btu Fuel Gas® 50 375 213

Distillate from b
Coal-Derived Liquids 90 715 400

Intermediate-Btu Fuel
Gas® 100 800 450

&Values given in Reference 4.43 for natural gas.

bConcentratiou for natural gaos given in Reference 4.43 x
computed ratio of WNe., 2 distillate to natural gas.

“Concentration for natural gas given in Reference 4.43 x
computed ratio of intermediate-Btu fuel gas to natural gas.
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Tabie 4.65 - Allowable Stack-Gas Concentration as a
Function of Air Equivalence Ratio

Air Egquivalence

Ratio, ¢air

NDx Concentration, ppm by velume,

2.5
3.0
3.5
4.0

Fuel Type
Liquid Gaseous
103 67
87 56
72 48
64 42

For a period of about 63.07 Ms (2 yr), EPA has been involved in

generating a set of emission standards specifically for gas turbimes,

These emission standards have not yet been released, but preliminary in-

formation indicates that the maximum allowable NOx concentrations will be

75 ppm by volume for oil and 55 ppm by volume for natural gas. These

quantities are normalized to 15% oxygen in the combustion products. The

corresponding allowable concentratiens as a function of air equivalence

ratio are shown in Table 4.66.

Table 4.66 - Allowable NO, Concemtrations for Gas Turinbes
as Function of Air Equivalence Ratio

Air Equivalence
Ratio, ¢
air

NOx Concentration, ppm by volume,

Fuel Type

Liquid Gaseous
2,5 110 80
* 3.0 92 67
3.5 79 37
4.0 69 50
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Comparison of these values with the earlier values based on the general

emission standards shows that the general standards are significantly

more rigorous than the anticipated gas turbine emission standards, espe-

cially for gaseous fuels.

uox emissions from current production model gas turbines in the
35-to-60 MW size range at design load without steam water injection are
shown in Table 4.67 (Reference 4.73).

Table 4.67 - NO x Emissions from Current Model Gas Turbines

ch Concentration, ppm by volume
Fuel
No. 2 Distillate Natural gas
Alr Equivalence Ratie
: 2.5 310 145
3.0 260 120
i 3.5 220 100
; 4.0 195 90

The minimum NOx emission levels aaticipated from improved com-

burtor designs without steam or water injection-are shown in Table 4,68
{Reference 4,73).
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Table 4.98 - Minimum NOx Emissions Anticipated

NDx Concentration, ppit by volume
Fuel
No. 2 Distillate Natural gas
Alr Equivalence Ratioe
2.5 160 75
3.0 135 65
3.5 115 55
4.0 160 45

It is apparent from ‘he above that water injection will be re-
quired to meet both the general emission standards being applied in this
study and the anticipated gas turbine emission standards with an improved
combustor design operating on liquid fuels similar to No. 2 distilla:e
oil. For gas turbines burning fuels similar te natural gas, the NOx
emission levels for advanced combustor designs are marginal for dry cpera-
tion over the full range of air equivalence ratio. Water injection will
probably be required to meet the general emission limits when operating
on natural gas. Shaw (Reference 4.74) has developed NOx emission indices
for gas turbine combusters with water injectionm. Figure 4.43, which is
taken from Reference 4.74, shows the percent of NO_ reduction as a func-
tion of the fraction of water injection with fuel equivalence ratio para-
meters for a fuel similar to No. 2 distillate. For the purpose of this
study it is assumed that coemparable percentage reductions in Nox emission

would be obtained with .atural gas.

The above described data for No. 2 distillate o0il was assumed,

for the purpeose of this study, to be applicable to distillate from ' oal-
*

derived liquids and intermediate-Btu fuel gas, and the data for natural

gas were assumed to be applicable to high-Btu fuel gas.

*

Computations made by the Westinghouse Gas Tuibine Engine Division indi-
cate that the NO, produced from this type of fuel would be equivalent to
that from distillate oils.
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Westinghouse is currently the team leader for an industry/
utllities grouﬁ developing a 120 MW coal gasification plant with a low-
Btu gas~burming turbine under U. S. Enexrgy Research and Development
Administration Contract No. 14~32-0001-1514 (Reference 4.46). Westinghouse
has constructed facilities and gained considerahle experience in the com-—,

bustion of low-Btu gases under this program since August 1972.

NDx measurements have been made for boch small-scale laboratory
combustors and full-scale rigs. With simulated, low-Btu fuel gas having
a heating value of 5.03 MJ/std m3 (135 Btu/scf), the measured NOx concen-
trations for turbine inlet temperatures of 1366°K (2000°F} are about
10 ppm by volume. With 7.45 MI/std o’ (200 Btu/scf) simulated fuel gas,
the Nox concentration for a turbine inlet temperature of 1366°K (2000°F)

‘was found to be about 75 ppm by volume. Good agreement was obtained with i

analytically predicted values (Reference 4.76).

The above test and analytical results on Nox emissions from gas
turbine combustors burning simulated low-Btu fuel gas are for fuel gas
temperatures approximately equal to those which would result from the use
of the Benfield low-temperature desulfurization process [394°K (v 250°F)1].
With high—-temperature fuel gas desulfurization using a dolomite sorbent, %
the fuel gas temperature to the gas turbine combustor will be about 1144°K
(1600°F). The sensible heat associated with a temperature of 1144°K
(1600°F) is typically about 25% of the lower heating wvalue of the fuel
gas., The adiabatic flame temperature will, therefore, be significantly
higher with the hot fuel gas than with the cold fuel gas. This will, of
course, result in higher NO_ emissions with the hot fuel gas than those
shown above for the low~temperature fuel gas. Analytically predicted
values of NOx concentration for a fuel gas temperature of 11l44°K (1600°F)
are v 12 times those for low-temperature fuel gas (Reference 4.76). The
estimated NOx concentrations from thermal nitric oxide formation for a
gas turbine burning low-Btu fuel gas for low and high fuel gas tempera-
tures are shown in Table 4.69. ‘ ‘
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Table 4.69 - Estimated NOX Concentrations

Thermal NO, Concentration, pom volume,
Air Eguivalepce Fuel Gas Temperature, °F
Ratio
250 1600
2,5 12 (2390) 180 (2665)
3.0 10 (2135) 150 (2420)
3.5 8.5 (1965) 129 (2200)
4.0 7.5 (1830)* 113 (2065)

*Numbers'in parenthesis are typieal turbine inlet temperatures
(°F) corresponding to the combinations of air equivalence
ratio and fuel gas temperature for combustion air tempera-
tures of 700°F.

A significant fraction of the nitrogran in coal is converted to
ammonia during a gasification process, and thiz ammonia will be a conmsti-~
tuent of the raw low-Btu fuel gas. When high-temperature desulfurization
is used, the ammonia will probably persist in the clean fuel gas. Since
ammonia is a form of bound nitrogen, it is probable that 25 to 50% of the
nitrogen In the ammonia will be converted to nitric oxide in the gas tur-
bine combustor. This level of net conversion is typical of a combustion
situation in which a substantial amount of thermal nitric oxide is formed,
as would be the case in the combustion of hot, low-Btu {2zl gas. If water
is injected to suppress the formation of thermal nitrie oxide, the net
conversion of bound nitrogen will tend to increase. Combustion tests on
low-Btu fuel gas at Westinghouse Research Laboratories have shown that the
conversion of ammonia nitrogen is 75 to 100% when thermal nitric oxide is
low.

Where low~temperature desulfurization is used, a scrubber-cooler
will probably be located ahead of the low-temperature desulfurization

which could remove the ammonia from the fuel gas. If for some reason the
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ammonia is not taken out in low-temperature desulfurization, the bound
nitrogen in the ammonia will have a high net conversion to nitric oxide
(v 75%) (Reference 4.75). This is so because there will be very little
thermal nitric oxide produced in the combustion of cold low-Btu fuel pas.

The fraction of the nitrogen in Illinois No. 6 coal which will
be released as ammonia in the Westinghouse fluidized bed gasifier is
estimated to be abecut 15% (Reference 4.77). This will give a concentra-
tion of ammonia in the preduct fuel gas of about 700 ppm by volume. The
resultant concentration of Nox in the products of combustion of the fuel
gas from the conversion of the ammonia nitrogen is given in Table 4.70

as a function of air equivalence and percent conversion.

The estimated NDx from both thermal nitric .xide and bound
nitrogen conversion in the exhaust .f a gas turbine burning 1144°K
(1600°F) low-Btu fuel gas from the Westinghouse gasification process,

assuming a 25% conversion of the ammonia nitrogen, is given in Table 4.71,

‘Table 4.70 - Concentration of NO in Gas Turbine Exhaust from

Conversion of Bouudxﬁitrogen in Fuel Gas
Fl

NOx Concentration, ppm by volume
%4 Conversion

25 50 75
¢air
2.5 45 a0 135
3.0 39 78 117
3.5 35 69 103
4.0 31 62 93
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Table 4.71 - Concentration and Emission of N0 in Gas Turbine ]
Exhaust -25% Conversion of Ammonia Nitrogen - ;
16C0°F Fuel Gas Temperature No Water Injection

i
B
i

§
¥

NOX Concentration, ppm by volume

bair Thermal Bound Nitrogen Total O, Emjssion
NO NO (1b/10° Btu)
X X
2.5 180 45 225 0.57
3.0 150 39- 189 0.55
3.5 129 35 164 0.5¢
4.0 113 31 144 0.53 '

nitrogen conversion in the exhaust of a gas turbine burning 1144°K
(1600°F) low-Btu fuel gas from the Westinghouse gasification process, as-

suming 5% water injection and 75% conversion of ammonia nitrogen, is

given im Table 4.72.

{1600°F), even by the use of water injection, if the estimated ammonia

content of the fuel gas is correct.
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These tabulations indicate that the NO emission
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Table 4.72 - Concentration and Emissions of NO, in Gas Turbine
Exhaust 1600°F Fuel Gas Temperature - 75%
Conversion of Ammonia Nitrogen ~5% Water Injection

NOx Concentration, ppm by volume
¢air ' Thermal Bound Nitrogen NOy Emission
No_ NO_ Total (15/106 Btu)
2.5 4.5 135 180 ' 0.46
3.0 38 117 155 0.45
3.5 32 103 135 0.45
4.0 | 28 93 121 0.45

Without water injection the thermal nitric oxide exceeds the limit, aud
water injection the nitriec oxide from the conversicn of the ammonia nitro-
gen exceeds the limit. The more appropriate emission limit for a plant
with integrated low—Btu fuel gasification, in other words, the 301 g NO /
GJF (0.7 1b N02/10 Btu) limit for solid fuel, can be met without water

injection, ever if the ammonia conversion is as high as 50Z.

For low-tcmperature desulfurization, a water scrubber would
almost certainly be used- ahead of the low-temperature desulfurization
process, and the ammonia in the raw fuel gas would be removed by this
scrubber. There would, therefore, be no nitric oxide from bound nitrogen.
If the fuel gas is burned in the gas turbine combustor without reheating,
the thermal nitric oxide will be well below the general NOx limits for
gaseous fuels. It is estimated that these limits could be met with fuel
gas reheat temperatures up to about 7006°K (800°F),

A poséible technique for meeting the general gaseous fuel NOx
limit with high~temperature desulfurization of the fuel gas is catalytic
decomposition of the ammonia in the fuel pas prior to combéistion, coupled
with water injection during the combustion process to control the formation

of thermal nitric oxide. The equilibrium concentrations of ammonia in a
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typical low-Btu fuel gas at a temperature of 1144°K {1600°F) and a pres—~
sure of 506.5 kPa (5 atm), is about 100 ppm by volume (Reference 4.78).

The envirommental impact of NQx {ib N02/106 Btu input) is com~
puted from the volumetric comcentration of NOx in the combustion products
by Equation 4.33. '

NO2 (lb/lO6 Btu) = [NO concentration (ppm vol)l (1.59)

1+ ¢ai‘r

HHVf

)(wa/wf)st

vhere (Wa/W'.I.)St is the stoichiometric air-fuel ratio.

4.5.6 Fuel Uranium Emissions and Recovery

4.5.6.1 Backpground

Coals and lignites in the western U.$. are occasionally found to
have abnormally high uranium (U) contents. Usually the uranium is concen-
trated in the uppermost zones of the coal. Presumably the coal was
formed first, and uranium-bearing minerals were deposited above it; in
gsubsequent weathering, water-soluble uranium compounds were leached,
seeped downward, amd reacted chemically with the uppermest layers of

the coal to form stable compounds.

The higher—uranium coals and lignites have been exploited as
ores. The coal or lignite is mined carefully to segregate the high-
uranium layers. The latter material is burned onr the ground, and the
ashes are processed in conventional uranium-winning facilities. The

economic value of this process has been marginal.

At present there are two main reasons for renewed interest in
the uranium contents of western states coals and lignites. The first is
hygienic. There are plens to burn more western states coal than previously,
and this will result in increased emissions of uranium in fly ash, and
so on,unless the ash is collected.

The second reason is that the ash from burning uraniferous

coals may be an economical source of uranium in the future. If the ash
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must be collected anyway, it can be viewed as a cost-free source of
uranium that is availahle in geographic locations and in chemical and

physical forms that are more desirable than those of the original coal.

The amount of uranitm in the North Dakota (Mercer County) lignite
is given as 50 to 240 ppm by weight, as contrasted with 10 ppm uranium
in I1linois No. 6 coal. The latter coal is typical of those now being

burned in power plants.

The ash content of the lignite is 6.2% by weight and that of
the Fllinois No. 6 coal is 9.6%. If éll of the uranium initially present
.in the coal were recoverable in the ash, therefore, the uranium content
of the lignite ash would be from 806 to 3870 ppm, while that of the
I1linois No. & coal ash would be 104 ppm. In practice, however, not all
of the uranium in the coal is recovered in the ash. Relevant data
assembled by Morris (Reference 4.79) are presented im Table 4.73. Coal
from the northern part of the Red Desert area of Wyomiﬁg was reported to
contain from 10 to 16% ash and from 20 to 60 ppm U308' The theoretical
U308 content of the ash, assuming complete recovery, was from 150 to 510
ppu. The analyzed U308 content of the ash was from 43 to 67% of
theoretical, varying from 100 to at wmost 230 ppm U308.

The causes of the apparent uranium losses are unknown. It is
possible-that the analyses were in error and that the apparent losses
were not real., A possible reason is the difficulty of chemically ex-
tracting the uranium from the ash, particularly if the latter had been
fused at high temperature. Similar difficulty would be expected im an

industrial extraction operatien.

Alternatively, the uranium loss might be due to the formation
of gaseous or vaporous uranium compounds during combustion. Uranium
forms such compounds with halogens, the best known Being UFs. If such
compounds formed, 2 portion of the uranium would have been lost up the
stack and not collected with the ash. Emissions of uramium in such a
form are potentially troublesome in the industrial combustion of high-

uranium coals.
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Table 4.73 - Uranium Gontent of Coals from Northern Part
of Red Desert, Wyoming, and Ashes Therefrom®

% U30g | % Ash fnuggg c.r.? Thgoégg;ca% Loss | Fraction
in Ash
0.002 { 12.94 | o.010 | 7.73 0.015 0.005 | 0.33
0.006 | 21.72 | 0,023 | 4.61 0.028 0.005 | 0.18
0.004 | 10.87 | 0.016 | 9.20 0.037 0.021 | 0.57
0.004 | 13.10 | 0.013 | 7.63 £.031 0.016 | 0.52
0.005 | 15.93 | 0.020 | 6.28 0.031 0.011 | 0.35
0.006 | 11.78 | 0.022 | 8.49 0.051 0.029 | 0.57

8Reference 4.50

bC.F. - concentration factor = lozlash content (%),

On the basis of the above inforwmation, it is here assumed that
60% of the uranium initially present in the coal is recovered in the ash.
The expected uranium content of the North Dakota lignite ash is, there-
fore, about 500 to 2300 ppm, and that of the Illineois Ne. 6 cozl ash is
about 62 ppm.

Two other potential sources of radiocactivity in coal ash are
thorium and potassium. The thorium (Th) contents of the coals for the
present study are not given but are probably of the order of 10 ppm. The
potassium (X) contents are 1.7% potassium oxide (KZO) in the ash of
Illinois No. 6 and 0.47 potassium oxlde each in the ash of the Montana
Rosebud coal and the Northagakota lignite. The radioactive isotope of

concern is potassium 40 (K ) which has an abundance of 0.0118% in natural

potassium.

Atomic Proportiens and Radioactivity

It is desirable that the concentrations of the natural radio-—
active elements present in coal be expressed in atomic as well as weight

proportions. The most abundant element in ecoal, hydrogen, is also the
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Table 4.74 Computation of Average Atomic Weipghts of Coal Ash and Coals

Illinois No. 6

Montana Rosebud

- North Dakota Lignite

PFormula Avg.

i Welght No. at, _g.atom g-atom

Ash Analyses {(x/mole) aroms wt wt 2% 100.6 at. wt. % 9R.4 o at % Wt. % 98.6 at.?
SO?. 60.1 3 20.0 46.6 2,33 52.4 22.1 1.10 24,1 17.9 o.89 20.1
:\1203 101.9 5 20.4 19.3 0.95 21.4 1=.5 0.76 16.6 9.9 D.49 11.1
I’e203 159.7 ] 31.9 20.8 G.65 14.6 6.4 0.20 4.4 10.2 0.32 7.2
'1‘102 7%.9 3 26.6 0.8 0.03 0.7 1.2 0.05 1.1 0.3 0.01 .2
PZDS 142.0 7 20.3 0.24 0.51 0.2 0.11 0.01 0.2 9.4 0.02 .5
Cal 56.1 2 28.0 7.7 0.28 6.3 18.9 0.68 14.9 23.6 0.86 19.6
Mg0 40,3 2 20.2 0.9 0.04 0.9 6.6 0.33 7.2 6.7 0.33 7.5
anﬁ 62.0 3 20.7 0.2 0.01 0.2 1.0 0.05 1.1 7.4 0.36 8.1
Kzﬂ 94.2 3 31.5 1.7 0.05 1.1 0.4 0.01 0.2 0.4 0.01 .2
503 80.1 4 20.0 2.4 0.12 2.7 26.2 1.31 2B.6 21.8 1.09 24.6
TOTAL in0.6 &.47 100.5 98.4 4.50 98.4 98.6 5.36 98.5
Ash Avp at. wt 22.5 21.9 22.6

Ultimete Analyses
Ash 22.3 9.6 0.43 3.4 7.5 0.34 2.6 6.2 0.28 2.1
S 32.1 3.9 D.12 0.9 0.8 0.02 ¢.2 .7 .02 0.1
H 1.0 5.9 5.90 46.3 6.1 6.10 47.3 6.9 6.90 51.3
c 12.0 59.6 .97 39.0 52.2 4.35 33.7 41.1 3.42 25.4
N 14.0 1.0 0.07 0.% 0.8 0.06 0.5 0.6 0.04 0.3
0 16.0 20.0 1.25 9.8 32.6 2.04 15.8 44.5 2.78 20.7
TOTAL 100.0 12.74 99.9 100.0 12,91 100.1 100.0 13.44 99.9

Coal Avg at., 7.85 7.75 7.44



lightest natural element, with an atomic mass of 1; and the trace element
of major interest, uranium, is the heaviest natural element, with an
atomic mass of 238, Thus, uranium dihydride, UHZ’ contains only 33.3
atomic % uranium but 99.2 wt % uranium. The use of atomic rather than
weight proportions is appropriate also in dealing with the thorium and
uranium content of coals and coal ash. As demonstrated helow, the aver-
age atomic mass of the North Dakota lignite is 7.5, and the weight pro-
portion of uranium in this eoal must be divided by 32 to yield the atomic

proportion. The results are 1.6 to 7.5 at. ppm uranium in the lignite.

The method of evaluating the average atomic weights (at. wt) of
the coals is demonstrated in Table 4.74. The first step is to determine
the averape atomic weight of the ash. This is 22.5 in the case of
Illinois No. 6 coal, 21.9 for Montana Rosebud coal, and 22.6 for the
North Dakota lignite. For simplicity, the averape of the three atomic
weights, namely 22.3, is taken as the atomic weight of the ash from all
coals. The corresponding divisor for converting uranium wt % in the ash
to at. % is 10.7. '

The average etomic weight of the ash is then combined with the
atomic weights of the other coal constituents (sulfur, hydrogen, carbon,
nitrogen, and oxygen) to yield the average atomic mass of the coal, as
demonstrated in Table 4.74. The results are 7.85, 7.75, and 7.45 for the
Illinois, Montana, and North Dakota coals, respectively.

The uranium content of the Illinois No. 6 coal is given as
10 ppm by weight or 0.33 at. ppm. The expected urarium content of the
ash from this coal is 62 ppm by weight or 5.9 at. ppm.

In like manner, we compute the proportion of K40 in the
Illineis cezl as 0.032 at. ppm, and that in the resultant ash (assuming
100% recovery) as 0.95 at. ppm.

The thorium content of the coals is assumed to be 10 ppm. On
this bésis the Illinois coal would contain 0.34 atomic ppm thorium. The
ash from this coal would contain 10 atomic ppm thoriim on the assumption
of 100% thorium recovery, or 6 at. ppm thorium on the assumption (used
for uranivm) of 60% recovery.
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Radicactivity Units

The halflife, th’ of any radioactive species is the length of
time for the amount of that species to decrease to one~half its original
valu:. The change of the concentration, ¢, of the species with time, t,

is related to th and to the original concentration, co, by
c/co = e—t/th (4.34)

The radicactivity of the species may be expressed as the number
of nuclear disintegrations per unit time. [his is proportional to c/th-
The molar radioactivity is the number of nuclear disinteprations per

unit time of 1 g-at. wt of the substance, such as 238 g of 0238 or 40 g

of K&O' The commonly used unit of radiocactivity is the curie {(Ci), which

ig defined as the radiczctivity of 1 g of radium, Ra226. Thus, the melar

radicactivity of radium is 226 Ci. The halflife, t,» of Ra?20 is 50.457/Gs
(1600 years)

The halflife of K40 is 1.4 billion years. The molar radiocactivity

of K40 is, thus, 226 Ci (1600) 1.4 x 109 = 0.00026 Ci or 260 uCi.

Preferved units for expressing the radicactivities of coal ash are
plecocuries (pCi = 10_6 ¥Ci) per gram of ash. One gram of ash from the
Illinois No. 6 coal is 1/22.5 g at. The KAO content of this ash (assuming
100% recovery) is 0.95 at. ppm or 4.2 x 10—8 g at./g ash. The corres-
ponding radicactivity is 11 pCi/g ash.

This result is confirmed quantitatively by the results of a
Westinghouse Research study of the radioactivity of fly ash from a coal-

e e

fired power plant in Cheswick, Pa. The study was performed by Goldstein, Sun,
and Gonzalez and reported in 1970 (Referemce 4.80) The ccal was mined in
Pennsylvania; its chemical analysis was not supplied. The radioactivity of
Kéo in the fly ash was found to be 10.7 pCi/g, in excellent agreement with

the above estimate for the ash from the Illinois No. 6 coal.

38, which has a halflife of 4.5 x 10
238

Natural uranium is 99.3% U2 9

years. The molar radiocactivity of U 238

is 80 uCi. The concentration of U
in the ash from Illinois No. 6 coal (asguming 60% recovery) is 5.9 at. ppm or
0.26 x 10-'9 g at/g ash. The corresponding radicactivity is 21 pCi/g ash.
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Natural thorium is essentially 100% Th232 which has a halflife
of 14 billion years. The molar radioactivity of this isotope is 26 uCi.
For the assumed thorium concentration in coal of 10 ppm by weight or 0.34
at. ppm, and also assuming 60% recovery of thorium in the ash, the
concentration of Th232 in the ash is 6 at. ppm. The corresponding radio-

activity is 6.9 pCi/g ash.

A more counventional way of calculating these results is to
utilize the fact that the radicactivity of U238 is 0.33 uCifg. In the
case of the Tllinois No. 6 coal, this leads to a 0238 radiocactivity of
3.3 pCi/g coal or 21 pCi/g ash, assuming 60% recovery of uranimum in the
ash.

232 is 0.11 poi/g. The corresponding

The radioactivity of Th
radiocactivities Lor Illinois Wo. 6 coal are 1.1 pCi/g coal and 6.9 pCi/g
ach, again assuming an initial thorium content of 10 ppm and 60% thorium

recovery in the ash.

A geperal furmula for such conversions is given in Equation 4.35,

(wi) {Recovery) (s)
Ash

Radioactivity of ash, pCi/g = (4.35)

in which S is the specifiec radiocactivity in uCi per gram, being 0.33 for
238, 0.11 for ™32

of a constituant in the coal; recovery is the percent recovered; and ash

I3
, and 6.5 for K+0; wi is the number of ppm (by weight)

is the percent of ash in the coal.

4.5.6.2 Natural Radiocactive Series

Both 0228 and ?3?
series. Detailed information on these series is presented in Tables 4.75
and 4.76. Each-disintegrating U238
transmuting through 13 radicactive daughter species with halflives varying
from 0.00016 to 7.569 Ts (240,600 yr). Similarly, each Th232 atom passes

through 10 radioactive stapes.

are the progenitors of natural radiocactive

atom decays in 14 successive stages,
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Table 4.75 - Daughter Products of U238 Radioactive Decay

Nucleus lez Dei:;égzge
zggu 4.5 x 109 y o
zggTh 2 4d B
zgipa 6.7 h B
: Zggu 2.6 x 10° y o
zggTh 8 x 104 ¥ o
2§gRa 1602 y o
zgan 3.8 d o
2;290 J 3 min o
2égpb 26 min 8
Zégai 19.7 m B
2;2p° 1.6 x 10_45 ‘ o
210y, 0y s
o x :
. ZQEPO 138 d ¢
zggpb Stable -




. Table 4.76 - Daughter Products of Th232 Radiocactive Decay

' Primary
Nucleue TllZ Decay Mode
233 1.6 x 100 e
zgg}{a 6.7 y 8
zggm 6.13 h B
a0 1.9y .
zggaa 3.64 d o
zgan 55.3 s o
Zégpo 0.145 s a
zégpb 10 b | 8
Zégm 60.6 m o (34%), B (66%)
2iopo (66%) 35107 s o
201 (34m) 3.im 8
zgng " Stable -
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Over the years (millenia, actually) 2 secular equilibrium or
ste~dy state is established. The amount of each daughter species becomes
esgentially constant in’ time: that is, the number of atomic nuclei of a
given species that disintegrates in a given time interval exactly equals
the number of identical nuclei created by decomposition of the parent
species. At such = steady state the radiocactivity of each radiocactive

daughter 1s just :qual to that of every other daughter and of the parent.

In uraaium or thorium minerals that have remained undisturbed for
sufficient lengths of time to allow secular equilibrium to be established
locally, all daunghter species are usually present with the parent and all

have the same radioactivity.. The total radicactivity of sueh an undisturbed
238

uranium mineral is 14 times that of the pareant U™ . Similarly, the total
radiocactivity of all members of the TH232 series 1s 10 times that of the
232
TH alone.
A convenient check of this conclusion is provided by U236‘ which is

a dzughter product of U238.denay. The abundance of U234 in natural

uranium is 0.0058% and the halflife is 240,000 yr. The contribution of
this species to the molar radiocactivity of uranium is 226 Ci (1600/240,000)
(0.0058/99.3) = 88uCi, which, by no coincidence, is approximately equal to
that of the Uzssparent. '

All other daughter spécies of the decompesition of U238 are elements

other than uranium. The existence of U234

in secular equilibrium with the
parent 8238 doubles the latter's radicactivity, even in freshly chemically
separated uranium. (An additional 5% increment of radioactivity originates
from the presence of u235, but this contribution is not considered further
here.) In long-undisturbed ore bodies, coals, and even in some coal ash,
it is reasonable to assume that all daughter species are present and to

use 14 as the uranium radioactivity multiplier.

The possibility of natural separation of the daughter elements
must also be considered, especially with respect to the formation of radon,

an inert gas. The halflife of anzz, the seventh radioactive member of
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the U238 series, 328.3 ks (2.8 days). That of anzo, the sixth member of

the.Th232 series, is 55 s. Some or all of the radon may escape if the
mineral is thin and/or porous and/or mear the surface of the ground.
The subsequent members of the radioactive series are then precipitated

elsewhere.

Similarly, if leaching or some other chemical separation has
occurred such that the daughter species are separated from the parent
uranium or thorium, the radiocactivity multiplier will be less than 14
or 10. 1In the case of the Illinois ¥o. 6 coal, it is here arbitrarily
assumed that no such separation hasoccurred and that all daughter species
are present in the coal in secular equilibrium with their parents.
Accordingly, each gram of ash resulting from combustion of this coal is
estimated to comtain 1l pCi from KAO, a total of 14 times 21 or 294 pCi

frounUzaS, and 10 times 6.9 pCi or 69 pCi from the thorium.

4.5.6,3 Hyglenic Aspects of Different Radicactive Emissions

The entries under "Primary Decay Mode" in Tables 4.75 and 4.76
indicate that certain isotopes decay by o emission and others by 8 emis-~
sion. The decay mode of K40 is entirely B.

The ¢ emissions are far more hazardeus to 1ife than the B emis-
gions. For this reason we shall disregard the hygienic impact of the
K40’ even though its contribution to the total radioactivity is higher
than that of any other single species., We shall similarly disregard the
effects of the B-emitting daughter isotopes of both U238 and Th232.

238

Table 4.75 indicates that U and seven of its daughter pro-

ducts are c—emitting species. Accordingly, it is reasonable to apply a
multiplier of 8 to the radioactivity of the U238 to indicate the total

c-emitting potential of the uranium in the coal.

Four of the eight o emitters of the U238 series precede radon

in the radiocactivity sequencej the Rn222 and three (in effect) of its
daughter products are o emitters. If all the radon in the ash escaped
promptly into the atmosphere, therefore, the c-emitting potential of the

ash would be four rather than eight times that of the parent 0238.
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The escape of the radon into the atmosphere results in a cor-
responding amount of o radiocactivity released to the environment, where
it is potentially more hazardous than would be the case if it remained
in the ash,” To prevent this released it might be necessary to collect
all the ash and to bury it promptly. The radon subsequently released
locally will then be contained and will transmute back into solid species
(daughter products) without contaminating the atmosphere, Such contain-
ment of the ash restores the naturally occurring radicactive elements to

underground deposits resembling those of their natural occurrence.

Of the ten stages of radiogactive &acay originating with Thzsz;
six are a emitting. The radon member of this series, anzo, has a half-
life of 553 and probably does mot escape from the fly ash. Accogdingly,
the g-emitting potential of the Th232 series islé;sumed to be six times

that of the parent thorium.

In summary, the o-enitting radioactive potential of thorium in

the coal and coal ash is six times that of the phrént Th232, and that of
the uranium is from four to eight times that of the parent v?38, Serilous
hygiene problems might originate from the escape to the atmosphere of the

radon gas generated from the latter., No o radlation is emitted from Kéo.

Experimental Evaluations of Coal Ash Radioactivity

The aforementioned 1970 Westinghouse stud& of radioactivity of
fly ash (Reference 4.51) detected, in addition to the 10.7 pCi/g of K40
alriady discussed, 2.8 pCi/g of U238 and 1.2 pCi/g of Th232. ‘The experi-
mental technique was to determine the y~ray energy spectrum of the fly
ash with a Ge(Li) detector. The presence and amounts of the uranium and
thorium parent isotopes were inferred from the activities of the y-
emitting daughter isotopes, using'an instrument calibrated with known
amounts of uranium, thorium, and radium. The latter, RaZZG, is a daughter

isotope of U238 decay.

In the case of the thorium radioactive series it was inferred

that all daughter species are present in secular equilibrium with the
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Th232 in the fly ash. Accordingly, a multiplier of 10 is justified, and

the total radiocactivity from the thorium source is 12 pCi ash.

In the case of the U238 series it was determined that only the

first six member species were present in secular equilbhrium at the full
strength of 2.8 pCifg agh; these would account for 16.8 pCi/g. The

seventh member, Rn222

, and all subsequent species were present at the
reduced radioactivity of 1.2 pCi/g. These would account for 9.6 pCi/g.

Hence, the total radioactivity of the ash was 49.1 pCi/g.

A serious discrepancy between the calculated and experimental
results is now evident in the fact that the radiocactivity levels measured
are far lower than those computed from the 10 ppm each of uranium and
thorium in the Illinois No. 6 coal. In the case of uranium the amount
found in the fl)y ash is only about 13%Z of that expected on the hasis of
60% recovery, and in the case of thorium the proportion is 17Z. These
results. could be réconciled if we assume tha:'the actual recovery of uranium
and thorium in the fly ash was only 8 £6 10% rather than the 40 to 70% deter-
mined in other studles based solely on chgmiqgl analyses. If the actual
recovery is so small, of course, we muéi be concerned with what has
happened to the-other 90% of the uranium, thorium, and Eheir radiocactive
daughter products initially present in the coal.

Other measurements of the radioactivity of coal ash are reviewed

in Reference 4.51, A common experimental method was to momitor 33225, a

daughter of 0238. The radiocactivity of this isotope in Appalachian coal
ash was as high as 3.8 pCi/g. The highest such radiocactivity reported
was 8 pCi/g in the ash of an unidentified coal, as reported by Bayliss et
al. (Reference 4.81). The latter is still well below the 21 pCi/g computed
here for 60% uranium recovery from 10 ppm uranium in coal. Unfortunately,
Referdnce 4.8l does not gilve analyzed uranium or thorium contents of any
of the coals. Nevertheless, there are serious discrepancies that suggest
either that most of the uramium in the coal is not being detected in the
ash by .the radiometric technique, or that the chemical analyses of the

uranium contents of the coals are erroneocusly high.
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Another such study was performed in East Germany by Marquardt et
al and reported in 1970 (Reference 4.82). The radium content of coal ash
was found to vary from 0.6 to 4.7 pCi/g. According to the abstract,

"No inadmissibly high emission values by coal-fed power stations im East
Germany were found.... The Ra concentration caused by the coal-fed power
stations is ... at least 2 to 3 potencies below the admissible values for

dwelling areas."

For hygienie contfol of radicactive emissions (ash and vapor)
from coal-burning installations, it is a matter of some urgency that the
available analysis results be reconciled. In particular, it is recommended
that an effort be made immediately to establish an accurate radicactive
materials balance for the coal combustion process. At present, up to 90%
of the radioactive material in the coal is not satisfactorily accounted
for. The problem might be particularly serious in the case of high-uranium

coal combustion, as will be discussed.

Varlability of Analyses

A study of the available literature on uranium in coal and coal
ash yields the impression that the different technlques of anmalysis yield
results différing from each other by as much as a factor of 10. It would
be of interest to make statistically significant comparisens<df the ;es~
pective methods of using analysis, standard samples. No such comparison

has been found in the literature reviewed for the present study.

Lahoratory studies of uranium in coal and coal ash have focused
on two main areas. One concentrates on the hygienic consequences of the
radioactive ash emitted from coal combustion. Such studies include the
Westinghouse Research Laboratories work and others cited earlier. The
analysis methods used in these hyglenic studies are, quite properly,
radiometric techniques to determine the' levels and types of radiocactivity
of the ashes as well as to identify the radioactive species. Most results
for Razzﬁ and the other daughter products of U238 are in the range of 3 to
9 pCi/g ash for each daughter species. This radioactivity range is the

equivalent of 9 to 27 ppm of uranium in the ash. If we approximate the
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ash content of the coal as 10%, the uranium content of the coal (assuming

100% recovery) is computed as 0.9 to 2.7 ppm.

Coal uranium contents of this order of magnitude are cornfirmed
by the results of neutron activation analysis, which indicate uranium
contents of the order of 1 ppm in eastern states low-uranium coals. The
factor-of-10 concentration of uranium in the ash is also confirmed by the

neutron activation technique.

The second kind of study concentrates primarily on the economical
recovery of the uranium. Here the attention is not on the radioactivities
of the respective isotopes but is solely on the uranium content of the coal.
More conventional methods of chemical analysis are normally uged for such
assay purposes. The low-uranium eastern stateg coals are normally reported
to contain at least 10 ppm uranium or up to ten times as much as that in-
ferred from the radiometric-hygienic studies. Examples of such analyses
are presented in Table 4.77, which was part of a recent (1973) report to EPA
by Exion Research (Reference 4.83), 1In three cases the lower limit of the
uranium content of the coal is reported as <0.001%. 1In most other cases,
however, the lower limit is given as 0.001% (10 ppm).

It is possible that the limiting sensitivity of the analysis
method is of the order of 0.001% (10 ppm) uranium. Chemical analysis
authorities in Westinphouse Research have stated, however, that the
limiting sensitivity of such methods is about 1 ppm.

It is of considerable importance to know the uranium contents of
coals. Those who study the hyglenic aspects of coal combugtion are currently
basing their conclusions on the lower figures obtained radiometrically,
while the uranium prospectors and miners are basing their decisions on the
apparently higher figures derived from more conventional analyses. Each
group is satisfied with itsvown numbers, but this will certainly change if
elther the hygienists find their figures are erroneously low or the

prospectors find theirs are erroneously high by a factor of up to 10.

It is essential that all reported values, for all purposes, of

the uranium contents of coals and coal ash be both self-consistent and accurate.

REPRODUCIBILITY OF THE
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Tablé 477 —"Urauium in Coal®

Source of Gaol

Percentage of

Researchers Reference Urenium in Ceal
United States?

California Moore and Stephens (¢3:))] 0.02 max.
Tdaho - ‘

Bonneville County Vine (70, 71) 0.02 avg.

" : Vine and Moore {72) 0.13 max. -

Cassia County Gray {29) 0.0 to 0.1

" Mapel and Hail (42) 0,097 max.
Illinois Patterson (55) < 0,001 to 0.008
Indiana Snider (61} 0.001
Montana Gill - @n 0.001 to 0.034
" Hail and Gill (31) 0.013 max,
Nevada

Esmeralds County Moore and Stephens (49} 0.003

Churchill County Lovering (41) 0.059
New Mexico

Sandoval County Bachman and others (5, 4) 0.601 to 0.62
Horth Daknta Moore, Melin, and Kepferle {48} 0.045 max,
" Bergstrom . (6) 0.14 max.
Ohio Snidey (60) 0.001
Pennsylvania Ferm (25) 0.002 to 0.014
" Patterson {53) 0.019 max,
Pennsylvania, anthracite Welch (75) 0.001
South Dakota King and Young {39) 0.08 to 0,73
" Denson, Bachman, and Zeller (22) 0.005 to 0.02
" Zeller and Schopf (82) 0.0
" €111, Zeller. and Schopf (28) 0.005 avg,
Utah Zeller (81) 0.002
Northern West Virginia Patterson (54) 0.001 to 0.003
southern West Virginia

ard Eastern Kentueky Welch {76) 0,001
Sou :hern West “irginia

£nd SouthwWwestern

Virginia Snider (62) 0.001
Wyoming Masursky (44) 0.001 to 0.051
" Breger and others {11) 0.0022
" Pipiringos (57) 0.003 to 0.016
" Masursky and Pipiringes (45) 0.001 te 0.014
" Love (40) 0.10 max.
" Wyant, Sharp, and Sheridan (80) 0.002 to 0.007

3geference 4.83.
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Accordingly, it is proposed that standard samples of coal having various
uranium contents be prepared and analyzed by different methods to obtain

direct comparisons of these methods. Because of the inherent variability

of the uranium content of each coal, it will probably be necessary to conduct’

numerous analyses by each method. The results should indicate whether, in
spite of the variability, the different analysis methods actually do deliver

consistent average values.

The various coals and their ashes should both be analyzed. Pre-
ferably, the ashes will be prepared by combustion under controlled conditions
to prevent uranium losses. Useful figures for uranium recovery in ashes

should be obtained from such a study.

The most difficult analysis problems will be presented by the
lowest-uranium coals and by the ash therefrom, because the percentage errors
of the results are then the largest. An important objective, therefore, will

be to obtain consistent results from different analyses of low-uranium coals
and coal ash. Another objective will be to determine valid recovéry

ratios of uranium in the ash derived from such low-uraniim coals.

A typical lowy—uranium eastern states coal is Illinois No. 6, which
is reported to.contain 10 ppm uranium. There is reason to expect that this
coal will be found to contain as low as 1 ppm uranium if analyzed either
radiometrically or by neutrom activation. GCarefully prepared samples of
Illinois No. 6 noal should by analyzed by the various availlable methods to

determine its actual uranium content.

It is interesting that Penmeylvania bituminous coal is shown in
Table 4.77 to contain from 20 to 190 ppm uranium. Apain, such amounts of
uranium in coal can be hygienically significant, and they might be economi-
cally significant as well.

Uranium Contents of High-Uranium Coals

The North Dakota lignite of the present study is reported to
contain 50 to 240 ppm uranium. If this range is correct, a seriocus hygienic

problem could result from the combustion of such lignite. Even at 50 ppm,
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' the hygienic problem is probably more than five times as serious as is the

case in burning ¥llinois No. 6 coal, for reasons that will next be explained.

As already suggested, the conventional analysis methods used in
generating the above figures might have high percentage errors at the lowest
uranium content of 1 to 10 ppm and decreasing percentage errors as the
uranium content increases. As an example, let us assume arbitrarily that the
error is 5 ppm uranium. Thus, an actuwal vranium content of 5 ppm would be
reported as 10 ppm, which would be in error by 50%. Similarly, an actual
uranium content of 45 ppm would be reported as 50 ppm, which would be in
error by 10%Z. Finally, an actual lignite uranium content of 235 ppm would
be reported as 240 ppm, which would be in error by only 2%. Analytical
errors that behave in this way would have the effect of compressing the
proportions of the reported uranium content in the different coals. Thus,
the reported proportion of uranium of North Dakota lignite to that of Illinois
No. 6 is at least 50 to 10, or 5; but more accurate analysis might reveal
that the actual proportion is 45 to 5, or 9. This would mean that the hygienic
problem of burning the lignite is at least 9 times, rather than 5 times,
as serious as that of burning the Illinnis No. 6 coal. The difference
originates mainly in the high percentage error of the reported uranium
content of the lower-uranium coal. The percentage error is lower in the
case of the higher-uranium coal. This is one reason for placing more

confidence in the reported uranium comntents of the higher uranium coals.

Another reason is derived from the fact that the latter coals and
their ashes have been exploited as uranium ores. The reported uranium
contents of these coals are of the nature of assays for prospectors and
miners, whose work requires the analyses to be accurate. Such accuracy
is not required for much lower-uranium coals that are not used as uranium

sources.

Comparative Hypienic Aspects of Burning Low- and High-Uranium
Coals

In this section we compare, from a hygieniec point of view, the
consequences of burning high—uranium lipgnite with those of burning low-
uranium bituminous coal. For the purpeses of comparison we shall here
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aéaume-that the specified uranium contents of these coals, 10 ppm in
Iilinois No. 6 and 50 to 240 ppm uranium in North Dakota lignite, are

accurate.

As already shown, the estimated uranium content of the ash from
combustien of the Illinois No. 6 coal is 104 ppm as based on the assumption
of 100% recovery, or 62.5 ppm on the basis of 60% recovery of the uranium
in the coal. The North Dakota lignite has a lower ash content of 6.2%.

The computed figures for the uranium content of the ash based on 100%Z re-
covery are 806 to 3871 ppm ufanium, and those based on 60% recovery are
484 to 2323 ppm uranium. Because of both the higher uramium content and
the lower agh content of the lignite, therefore, the calculated uranium
content of the ligunite ash is higher than that of the Illinois No. 6 coal
agh by a factor of 8 to 37. '

The relative radioactivities of the lignite combustion produuts
are increased further, in effect, by the relatively low heafing value of this
fuel. Thus, more tons of the lignité must be burned to produce a given amvunt
of electrical energy, and this additional tonnége increases the amount of
radioactive combustion products emitted to the environmment. A comparison
of the respective heating values suggests that about 607 more lignite than
Iilinois No. 6 cosl, on 2 weight basis, must be burned to produce the same
amount of heat. The lignite penalty increases further if its flame tempera- .
ture is lower, or if the energy detraction for materialls transport and
handling is significantly inereased. For example, the ash load from the
lignite is actually sbout 3% larger than that from the Tllinois No. ( coal
on a per-calorie basis. The effective uranium content is similarly increased
by at least 60%, being from 8 to 38 times that for the Illinois No. 6 coal.
Thus, the enviromment.. impact, due to uranium, of burning lignite is from
8 to 38 times that of burning Illinois No. 6 to produce the same amount of
heat.

A major part of the lignite penalty comes from its high moisture
content of 36.7 wt %, as compared with 13.0% moisture in the Illinois No. 6
coal. Let us imagine that the moisture difference of 23.7% is removed from
the lignite while all of its other chemical constituents remain. The lignite
analysis is then revised to that shown in Table 4.78, which indicates that
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the amounts of the major constituents of the as-dried lignite are approximately
the same as those in the I1linois No. 6 coal. WNotable exceptions are much
lower sulfur content of the lignite, the higher remaining oxygen content,

and the considerably higher uranium content.

It has already been computed that the theoretical uranium content
of the ash from the lignite, assuming identical reeovery ratios; is 8 to 37
times that from the Tllinois No. 6 ccal. The corresponding radiocactivity
due to U228 alone is 168 to 777 pCi/g lignite ash. This must be multiplied
by a factor of up to 14 to account for the presence of all daughter products
in secular equilibrium. Thus, the total radiocactivity of the ash due to
uranium alone is estimated as at least 1500 pCi/g.

. Rast studies of radioactivity of £ly ash have included coals from
"ﬂtah and Wyoming, but no coal was specifically identified as having a high
uranium eontent. The highest uranium content determined radiometrically

in the ash from any coal was 8 pCi/g.

Table 4.78 - Effects on Lignite Composition of Drying to Same
Moisture Content as, Illineois No. 6 Copal

North Dzkota Lignite I1linois
Tnitial | As Dried | Mo- 6 Coal
Proximate:
% Moisture 36.7 13.0 13.0
Velatile 26.6 36.5 36,7
Fixed C 38.5 41.9 40.7
Ash 6.2 8.5 9.6
Ultimate:
% Ash 6.2 8.5 g.6
S 0.7 1.0 3.9
H 6,9 5.4 5.9
C 41.1 56.5 59.6
N 0.6 0.8 1.0
0 44.5 27.9 20.0
ppm U 50 to 69 to 10
240 330
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The combustion oé lignite generates about 3% more ash per calorie
than does that of Illinois No. © coal. The uranium content of the lignite
ash is then from 8 to 38 times that of the Illinois No. 6 coal ash. The
radicactivity of the U238 in the ash has been estimated as 21 pCifz for the
Illinois No. 6 coal agh. In the case of lignite combustion approximately
the same tonnage of ash per unit of electrical energy produced is being
generated,. but its uvranium content is estimated tovary from 160 to 800
pCi/g. The latter is 100 times the highest previously reported radio-
activity from such a2 source. Again, a multiplier of up to 14 must be
applied to account for the radioactivity of all 0238 daughter products in
secular equilibrium,

The latter estimates are based on ash uranium recovery of 60Z,
and we have not yet speculated on what happems to the other 40% of the
uranium initially present in the cozl. It is ﬁery important from a hy-
glenic point of view to know whether this uranium escaped from the combustion
process’ in gaseous {or vaporous) form, in which event it would have entered
the atmosphere directly and not been collectible by conventional precipita-
tion and £iltration techniques. The missing 407% might, therefore, be the
source of a far more seriocus hygienié problem than is the 60% that is
collectible as solid ash.

The 60% recovery figure was an average based on analyses of
Wyoming coals containing from 20 to 50 ppm urapium and of tﬁéir ashes
(Table 4.73). Another serious question is that of how the uranium recovery
rate might change as the uranium content of the coal increases from 50 to
240 ppm, as in the case of the North Dakota lignite. With such an increase
of the uranium content of the coal, does the recovery rate increace or does
it decrease?, Again, what is the physical and chemical form of the uranium
not recovered in the ash? Does it escape as a gas or vapor; end if so,
where does it go? These are important questions that must be properly
answered long before the large-scale combustion of high-uranium western

states coals is seriously contemplated.

Eastern coals, such as Illinois No. 6 having a high sulfur content

are preferably combusted with stack-gas scrubbers to remove those sulfur-
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containing products that are emitted from the combustor as gases and vapors.
Such stack-gas cleanup might be effective, also, in collecting uranium
containing products of combuation. It is hoped *hat the use of stack-gas
cleanup provisions would recover the now-missing 407 of the uranium in the
combustion products.

Unfortunately, there is not s close technical compatibility between
stack-gas cleanup provisions designed to remove suifur and thwse which might
be used for recovering uranium. The sulfurousgases (sulfur dioxide, sulfur
trioxide, and hydrogen sulfide) are acidic and must be collected in
alkaline media. The uraniferous products of coal combustion are alkaline
and, hence, are not collectible in the same sclutions that would be used
for sulfur cleanup; rather, the uranium must be collected in acid solutions.
This may be technically feasibie; but it is not so attractive economically,

because an additional stack-gas cleanup facility would be required for the

uranium.

Another problem originates from the disparity between the
relatively low uranium content of the higher-sulfur (eastern states) coals
and the higher-uranium, lower sulfur (western stateg) coals. A plant de-
signed for burning eastern coals will preferably have stack-pas cleanup
provisions (for sulfur removal), but this is not necessarily true of a
plant designed for burning the western coals. There is no assurance,
therefore, that stack-gas cleanup provizions being planned for some power
plants will be effective in'preventing emissions of uranium into the

atmosphere.

The magnitude of the hygienic problem resulting from combustion \
of high-uranium coals is a function of stack heipght, wind velocity, and
other factors beyond the scope of this report. For this reason the present
discussion of the seriousness of the problem has been limited to making
comparisons between existing practice using conventional low-uranium fuel,
as typilfied by Illinois No. 6 coal, and the same practice using high-uranium
fuel, as typified by North Dakota lignite. As we have seen, the quantitative

comparison of the uranium contents of these coals and of the ashes derived

' therefrom is still unsatisfactory and deserves immediate attention. Such
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a comparison is viewed as a prerequisite to arriving at a fimal judgement - :
concerning the hygienic and environmental consequences of burning high- ;

uranimm fuels.

In all past studies of the hygienic aspects of burning coals
containing (usually small amounte of) uranium, it has been concluded that
the emissions are safe. The levels of radiocactivity (particularly emissions)
inhaled from ashes and dusts emitted from coal-fired plants have apparently
been lower than the levels of similar radiocactivity ingested in food, and
so forth. It appears, however, that all such studies performed thus far
have been confined to low-uranium fuels.

Lignite-burning power plants are currently im operation in North
Dakota. It is proposed that future studies of the hygienic aspects of

uraniferous coal combustion be concentrated on such power plants.

4.5.6.4 Economic Recovery of Uranium from Coal Combustion

The specified uranium content of the North Dakota lignite (50
to 240 ppm) is well below that normally considered to be of interest for
economic extraction of uranium. As mentioned earlier, the usual procedure
to recover uranium from lignite is to burn the latter on the ground and
then to process the ashes in conventional uranium-winning equipment.
Although it would not be ecnnomiéally feasible to extract the uranium from
the Worth Dakota lignite in this manner, it is nevertheless worthwhile to .
reexamine the economics of uranium recovery from the products of combustion i
of this lignite, particularly if thorough techmiques of cellecting these
combustion products are practiced for hygienic reasons. N

It is assumed that the products of combustion in a comventional
boiler or burner are in three forms: (1) bottom ash or clinker, (2) fly
ash, and (3) gases and vapors. It is assumed also that the highest uranium
content occurs in the ash or clinker. This material is also the most
registant to uranium recovery attempts. In coanventional burners the clinker
is a fused mass from vwhich the extraction of the uranium is different and

coetly. Hence, the use of the clinker as a source of uranium is difficult

to justify economically.
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The economics of recovery of uaranium from fly ash might be another
matter. Usually the £ly ash has not been fused and is available in finely
divided form. Hence, the uranium in the as-collected fly ash should be
more readily recoverable than that in the elinker. The amounts of uranium
available in this form, however, may not be high enough to justify the ex-
traction attempt economically. As already indicated, the largest amount of
uranium found in fly ash is about 8 pCi/g or 24 ppm, which is less than 1 at.
ppm. To justify the recovery attempt, about 2000 ppm uranium is needed.

A preliminary, small-scale attempt to recover uranium from
collected fly ash has been reperted recently by Schruben of the Westing-
house Nuelear Fuel Division (Reference 4.84). The ash was collected at
Carnegie~Mellon University and reputedly contained 20 ppm qranium. The
aqueous acid extractive procedures applied to 22.69 kg (50 1b) batches of
the ash failed to produce any weighable amount of yellow cake (U308).
There was apparently excessive interference in the extraction process by
iron. Further process development efforts were deemed desirable. Tt
now appears dubious, however, that such extraction proceasses can be justi-

fied economically.

Sulfurous gases in combustion exhaust gases are conventienally 5
removed by caustic scrubbing, as already discussed. Presumably, an
additional, acid-scrubbing step would be needed for remeval of uranium.
Beth the hygienic need and the possible economic justification of this

wethod of uranivm recovery from the stack gas should be considered.

Shruben reported that lignite ashes are highly alkaline and would
require the consumpticn of large amounts of acid to allow uranium extraection.
The forms of the sulfur in the stack gas ave sulfur dioxide and sulfur
trioxide. The former 1s converted to the_latter in conventicnal methods
of sulfuric acid manufacture. If such a conversion could be carried ocut
as part of a stack-gas scrubbing process, a sufficient amount of sulfuric
acid might be produced for extracting uranium from the stack yas and ash.
flo known attempt, however, has yet been made to incorperate a sulfuric

acid plant into a smokestack.
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In any case, there may be an opportunity to use acid scrubbing

for collection of uranium in the exhaust gas. This might be important
hyglenically, and it also might prove to yield economically significant
quantities of uranium. At worst, it would consume excessive acid with-

out a sufficient uranium yield.

It is probable that far more uranium ends up on the ash and
clinker than in all other combustion products. At the high operating
temperatures of conventional boilers, the ash and clinker fuse, with the
consequence that the uranium is difficult to extract ecomomically. The
fluidized bed combustor, however, is an alternative design of coal-burning
installation that operates at a relatively low temperature, where there is
a much lower likelihood that the ash will fuse. 1If the high-uranium
lignite or coal is burned in such a2 fluidized bed combustor, the ash is
withdrawn unfused with the calecium sulfate that is generated as a product

of sulfur removal. Actually, the latter might be unnecessary because

lignite combustion is characterized by caustic ashes that would themselves
remove sulfur and thereby decrease or eliminate the need for calcium oxide
additions for such a purpose. Thus, desulfurization may not be a problem

in lignite combustion.

1

E If the fluidized bed combustor is to be used for lignite combustion,
the ashes produced will be more nearly suitable for economical uranium
extraction than would those obtained from a conventional boiler. Thus,

the fluidized bed combustor may be the best hope at present for economically

ST

extracting uranium from coal or from its products of combustion.

Tf the use of the fluidized bed combuster cannot he aconomically

justified on the basis of sulfur removal alone, its economic justification
might have to come mainly from the uranium recovery possibilities. This
should be studied further.

*

T e

For the present, it would appear that the highest priority should
be given to the matter of determining with improved asccuracy the actual

amounts of uranium in the various coals, lignites, and the products of com-

TR

R

bustion derived therefrom. Such improved analyses are necessary for making
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future decisions concerning both the hygienic aspects of uraniferous fuel

-

combustion and the economical recovery of uranium therefrom.

4.6 Solid Waste Disposal

This study is concerned with three types of fossil fuel utiliza-

tion in which solid waste disposal is a consideration.

1. Complete combustion in a conventional boiler with flue gas

desulfurization

2. Complete combustion in a fluidized bed boiler or fired heater
with in-bed desulfurization at

- Atmospheric pressure

—~ High pressure
3. Partial combustion in a pressurized fluidized bed gasifier with

-~ High-temperature desulfurization

- Low-temperature desulfurization.

The first case involves removal of the major part of the fly ash by an
electrostatic precipitator or a scrubber, followed by a flue gas desul-

furization process using either an organic or an inorganic sorbent.

The quantity of fly ash collected is a function of the type of
furnace being used. Conventional pulverized-coal furndces retain about
20% of the ash in the coal as bottom ash. The bottom ash will be either
slag or unfused granular material, depending on whether the furnace is wet

bottom or dry bottom.

The cyclone furnace retains about 85% of the ash as slag. The

balance is carried over as fly ash.

In flpidized bed combustion, 100% of the ash in the ceal is
carried over as suspended particulates. Of the total carbon, 1 to 3% is
lost in the ash. The physical properties of the ash from fluidized bed
combustion are quite different from those of fly ash from pulverized fuel
furnaces, since it is not fused. The ash particles are characterized as

fragile platelets.
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For this study the liwaestone slurry process is pfeferrpd. The
quantities of waste solids generated by this process for each of the

specified coals are as follows:

Coal Waste Solids to Coal Ratio
a (as received coal)
Illinois No, 6 0.18
Montana 0.037
North Dakota 0.033 :

In the Westipnghouse fluidized bed gasification process, all of

the ash in the coal is agglomerated in the combustor. These ash particles
are expected to be in the range of 3.175 to 6.35 mm (1/8 to 1/4 in) diameter.
Chemically, these ash particles will be nearly the same as those from flui- ;
dized bed combustion, but the physical properties will be significantly
different.

The most promising sorbents for in~bed desulfurization in £lui-
dized bed combustion are duvlomite and limestone.

Appendix A 4.6 summaries the various metheds available and under

consideration for the disposal and utilization of ash fram eoal combustion.

The methpd selected for ash dispesal in this study was on-site ponding.

g e o e 1

With either material only the calcium combines with the sulfur in the coal

to form calcium sulfate (CaSOa). Both once-through and }egenerative pro-

cesses are under investipation. In the regenerative prucess, blowdowm
may occur before or after regemeration. In the former case the chemical
composition of the blowdown is the same as the waste from the once~through

process, but the volume of waste is substantially reduced. In the latter

. case, the chemical compoesition of the solid waste is magnesium oxide-
calecium carbonate. The spent sorbent may be used as road base, concrete i

aggregates, neutralizing agents for acid mine drainage, and so on.

- Appendix A 4,7 treats the environmental impact of the spent stone when d

it is dumped or used as a landf£ill.

4-211




- In this study once-through desulfurization of fluidized bed
combustion products was assumed. The guantities of solid wastes generated

for each of the specified coals are as follows:

Spent Sorbent - 1lb/lb of as

Coal received coal
Illinois Wo. 6 0.53
Montana g.11
North Dakota 0.10

Dolomite and limeslone are also under investigation for high-
temperature desulfurization of low-Btu fuel gas. Desulfurization with
these sorbents may be either in-bed or external. The chemical reactions
are the same whether in-hed or external techniques are used. TFor this
study it was assumed that dolomite would be used as the sorbent in the
Weatinghouse fluidized bed gasification process. Both once-threugh and
regenerative processes are uﬁder investigation, but once-through was
assumed for this study. *

The chemical composition of the spent sorbent from the gasifier
desulfurization reactor is Mg 0 - gigOB. The sulfided sorbent will be
cxided to the sulfate form since a significant amount of heat can be re-
covered, and it is diffiecult to avoid release of hydregen sulfide in the
disposal of the sulfided sorbent. When a spent sorbent oxidization is
‘used in conjunction with the gasifier, the waste solids are identical to
those from fluidized bed combustion, and the quantities thereof are

essentially the same.

Low-Btu fuel gas properties were generated for low-temperature
degulfurization using the Beanfield hot carbonate process. The solid waste

from this process is considered to be negligible.
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4.7 Environmental Intrusion

Environmental intrusion summaries for the base cases and the
recommended cases for each of the nine power system concepts are given
in Tables 4.79 through 4.97 as listed below:

Concept Base Cases Recommended Case
1. Open-Cycle Gas Turbine 4.79 4.79
2. Combined Cycle 4.80 and 4.81

3. Closed-Cycle Gas Turbine 4.82, 4,83, and 4.84

4. Liquid-Metal Topping 4.84 and 4.86 4.87
5. Open-Cycle MHD 4,88, 4.89, and 4.90
6. Closed-Cycle MHD 4,91 4,91
7. Liquidnﬂetal MHD 4,92 4,92
8. Advanced Steam - 4,93, 4.94, 4,95, 4.97
and 4.56
9. Fuel Cells - -

2
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Table 4.79 - Environmental Intrusion of Recuperated Open
Gas Turbine Base Case, Point 1 and Recommended
Case ;

16/10° Bta  1b/kim |
Emission from Stack é
50, 0.15 0.0014 é
No, 2,10 0.0190
HC . 0 0 ?
Cco 0 0
Particulates 0 0
Solid Wastes
Ash 0
Spent sorbent 0
Btu/lum
Heat Reijection
Heat to water 0
Héat to air 4966
Heat, total rejected 4966

I

Value without water injection. It is estimated that
the injection of 1.5 1b of water per 1lb of fuel would
reduce the NOx emissions to the speeified value of
0.3 1b N02/106 Btu while increasing the power output
by 9.1% and the heat rate by 4.7%.
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Table 4.80 -~ Environmental Intrusion of Combined Gas
Turbine-Steam Turbine Base Case, Point 1

16/10° Btu 1b/kwh

Emission from Stack

50, 0.72(1 0.0057
NO_ 0.54(2 0.0043
HC 0 0
co 0 0]
Particulates 0.013 0.0002

Solid Wastes

Ash 0.071

Spent sorbent 0.309(1)
Btu/kih
Heat Rejection
Heat to water 2051
Heat to air ‘ 1076
Heat, total rejected 3127

(l)Baaed on 90% desulfurization efficiency corresponding to a-
Ca/8 atom ratio of 2.4, a 97.5% desulfurization efficiency
would be required to meet the 50, emission limit for gaseous
fuels (0.2 1b S50p/100 Btu). About 5% of the sulfur in the
coal appears in the fuel gas as COS which is not removed by
the dolomite sorbent. The maximum degree of desulfurization
is, therefore, about 95% regardless of the Ca/S atom ratio
and it ig not possible to meet the S07 emission limit for
gaseous fuels with high-temperature desulfurizetion using
dolomite.

(2)Value without water injection. Water injection will reduce
formation of thermal NO but increase conversion of bound
nitrogen. It is estimated that 5% water injection would
reduce total NO, emission to 0.45 1b NO2/100 Btu while in-
creasing plant power 187 and plant heat rate 9%. Emission
limit for paseous fuels (0.2 1b N021106 Btu) camnot be
attained by water injectionm.
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Table 4.81 - Environmental Intrusion of Combined Gas-Steam
Turbine Bas« Case B, Point 2

16/10% Bew  1b/ih

Emission from Stack

802 0.15 0.,0011

NO_ 1.0 0.0082

HC o 0

co 0 o

Particulates 0 0
Solid Wastes

Ash 0

Spent sorbent 0

Btu/kWh

Heat Rejection

Heat to water 2370

Heat. to air 1062

Heat, total rejected 3432

(1)

Value without water injection. It iz estimated that the
injection of 1.1 1b of water per 1b of fuel would reduce
the‘Nog emissions to the specified value of 0.3 1b
NO2/10® Btu while increasing the power ocutput by 8.9%
and the heat rate by 4.5%.

4-216 %




Table 4.82 - Environmental Intrusion of Closed Cycle Gas-
Turbine Base Case A, Peint R25

lb/l_U6 Btu
Emission from Stack
SO2 0.72
He 0.30
x

HC 0

Co 0
Particulates 0.013

Solid Wastes
Ash

Spent sorbent

Heat Rejection

Heat to water
Heat to air

Heat, total rejected

1b/kWh

0.0074

0.0031

0

0

0.00013

0.0916

0.404

Btu/kWh

4101
2414
6515
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Table 4.83 - Environmental Intrusion of Closed Cycle Gas-
Turbine Base Case B, Point R48

16/10° Btw
Emission from Staek
80, . 6.15
No_ 0.20
HC 0
co 0
Particulates ¢

Solid Wastes
Ash

Spent sorbent

Heat Rejection

Heat to water
Heat to air

Heat, total rejected

1b/kWh
0.0016
" 0.0021
0
0
0
0
0
Btu/kWh
5583
549
6132
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Table 4.84 - Environmental Intrusion of Closed Cycle Gas-
Turbine, Point C5

15/10° Btu 1b/kiih |

Emission from Stack

50, 0.15 0.0013

No_ < 0.3 0.0025

HC 0 0

co 0 0

Particulates 0 0 X
Solid Wastes

Ash 0

Spent sorbeant 0

Btu/kWh

Heat Rejection

Heat to water 3042

Meat to air 1046

Heat, total rejected 4088
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Table 4.85 - Environmental Intrusion of Liquid Metal
Topping Base Case No. 1, Point 1

Emission from Stack

802
NO
x
HC
co

Particulates

Solid Wastes
Ash

Spent sorbent

Heat Rejection

Heat to water
Heat to air

Heat, total rejected

1h1106 Btu 1b/kWh
0.715 0,0067
0.30 0.0028
0 0
0 ]
0.100 0.00094
00084
0,370
Btu/kWh
2996
1882
4878
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Table 4.86 - Environmental Intrusion of Liquid Metal
Topping Base Case No. 2, Point 4

1b/106 Btu Ib/kyh

Emission from Stack

80, 0.715 0.0071

NOx 0.20 0.0020

HC o 0

co 0 0

Particulates 0.0125 0.00012 - é
Solid Wastes

Ash 0.089

Spent sorbent 0.391

Btu/kWh

Hezt Rejection

Heat to water 2987

Heat to air ' 1937 %

Heat, total rejected . 4924 ;

REPRODUCIRILITY _ognfgﬁm
ORIGLLN. © TR |
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Table 4.87 - Environmental Intrusion of Liquid Metal
Topping Recommended Case, Point 46

Emission from Stack

502
NO
X
HC
co

Particulates

Solid Wastes
Ash

Spent sorbent

Heat Rejection

Heat to water
Heat to air

Heat, total rejected

1b/1{]6 Btu

1b/Kih
D.14 0.0013
0.30 0.0028
0 0
0 0
0.10 0.00093
0.0777
(G.0913

Btu/k¥Wh

2797
1822

4619
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Table 4.88 - Enviropmental Intrusion of Open Cycle MHD
Base Case 1, Point 1

Emission from Stack

SO2
NO
X
HC
co

Particulates

Solid Wastes
Ash

Spent sorbent

Heat Rejection

Heat to water
Heat to ailr

Beat, total rejected

15/10% Btu  1b/Kim
< 1.2 0.0086
v 0.3 0.0021
0 0
0 0
< 0,10 0.00071
0.064
0
Btu/kWh
2809
534
31343
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Table 4.89 - Envirommental Intrusion of Open Cycle MHD

Base Case 2, Point 1

15/10° Btu
Emission from Stack
502 < 1.20
NOx ~ 0.3
HC 4]
co" 0
Particulates ) < 0.1

Seolid Wastes
Ash #

Spent sorbeat

Heat Rejection

Heat to water'
Heat to air

Heat, total rejected

1b/kiWh

0.0088

0.0022

g

0

0.00073

0.065

0

Btu/kith
2761
520

3281
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Table 4,90 - Environmental Intrusion of Open Cycle MHD
Base Case 3, Point 1

16/10% Btw  1b/kwn

Fmission from Stack %

50, 0.72 0.0050 |
NO_ 0.3 0.0021 |
HC 0 0 |
co 0 0 '
Particulates < 0.10 0.00070 g
Solid Wastes
Ash 0.062
Spent sorbent 0.275
Btu/kWh
Heat Rejection
Heat to water 2530
Heat to air 530
Heat, total rejected 3060
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Table 4,91 - Environmental Intrusion of Closed Cycle MHD

Base Case, Point 2

1/10° Btu 1b/kwh

Emission from Stack

so, 0.18 0.0013

Nox 0.3 0.0022

HC 0 0

co 0 0

Particulates 0.013 0.0001
Solid Wastes

Ash 0.0616

Spent sorbent 0.0662

Bru/li

Heat Redection

Heat to water 2395

Heat to air 420

Heat, total rejected 2815
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Table 4.92 — Epvironmental Intrusion of Liquid Metal MHD
Base Case, Point 16

Emission from Stack

16/10° Bta  1b/igih

so, .0'72 0.0072

NO_ 0.70 0.0070

HC 0 0

co 0 0

Particulates 0.10 0.0010
Solid Wastes

Ash 0.089

Spent sorbent 0.139

Btu/kih

Heat Rejeeiion

Reat to water 4688

Hest to air 1850

Hean, total rejected 6538
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Table 4.93 - Environmental Intrusion of Advanced Steam
Systems, Point 20 (Atmospheric Boiler)

Emission from Stack

802
HO
X
HC
co

Particulates

Solid Wastes
Ash

Spent sorbent

Heat Rejection

Heat to water
Heat to air

Heat, total rejected

lb/lO6 Btu 1b/kWh
0.72 0.0070
0.7 0.0068
0 0
1] 0
0.10 0.00097
0.0864
0.135
Btu/kWWh
4924
1502
6426
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Table 4.94 - Environmental Intrusion of Advanced-Steam
Systems Base Case, Point 36
(Atmospheric Fluidized Bed Boiler)

1b/106 Btu 1b/kWh

Emigsion from Stack

80, 0.72 0.0070
Hox 0.6 '0.0058
HC 0 v

co 0.3 0.0029
Particqlates 0.10 0.00097

50lid Wastes

Ash 0.086
Spent sorbent 0.380
Btu/kijh
Heat Rejection
Heat to water 4906
Heat to alr 1589
Heat, total rejected | 6495
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Table 4.95 - Environmental Intrusion of Advanced Steam
Systems Base Case, Point 16
(Pressurized Boiler)

Emission from Stack

802

NO
®

HC

Cco

Particulates

Solid Wastes

Ash

Spent sorbent

Heat Reijection

Heat to water
Heat to air

Heat, total rejected

15/10°% Btu 1b/lih
0.72 0.0066
0.2 0.0018
0 0
0 0
0.013 0.00012
0.0811
0.357
Btu/kWh
1200
4515
5715
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Table 4.96 - Envionmental Intrusion of Advanced Steam
Systemns Base Case, Poiat 7
{Pressurized Fluidized Bed Beiler)

16/10° Bew  1b/uih

Emission from Stack

§0, 0.72 0.0065
No_ 0.30 0.0027
HC 0 0

co 0 0
Particulates 0.10 0.00021

Solid Wastes

Ash ' 0.0806
Spent sorbent 0.355
Btu/kWh
Heat Rejection
Heat to water 1234
Heat to air 4441
Heat, total rejected 5675
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Table 4.97 - Environmental Intrusion of Advanced Staam
Systems, Point 31 (Pressurized Fluidized
Bed Boiler Recommended Gase)

16/10% Bew  Ib/uim

Emission from Stack

se, 0.72 0.0063
NOx 0.30 0.0026
HC 0 0
co 0 0
Particulates 0.10 0.00088
Solid Wastes
Ash 0.0784
Spent sorbent 0.345
Beu/kifn
Heat Rejection f
Heat to water 1187 é
Heat to air 4299 é
Heat, total rejected 5486
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Appendix A 4.1

Properties of Combustion Products

Tables A 4.1.1 through A 4.1.6 are lists of the properties of
combustion products for the six fuels listed below over a temperature
range of 255 to 1642°K (0 to 2495°F) and for air equivalence ratios of
1.0, 2.0, 3.0, and 4.0. These properties were caleculated for combustion

air drawn from the IS0 ambient.
The fuels included here are as follows:

¢ Low-Btu fuel gas/Westinghouse gasification/Illinois

No. 6 bituminous T = 750°F
air

e Low-Btu fuel gas/Westinghouse gasification/Montana
subbituminous T = 750°F
air

¢ Low-Btu fuel gas/Westinghouse gasification/North
= <
Dakota lignite Tair 750°F

e Direct-fired Illineis No. 6 bituminous 3% moisture
e Direct-fired Mentana subbituminous 207% moisture
e Direct-fired North Dakota lignite 277 moisture.

A separate &ppendix* will include tables -ontaining the proper-
ties of combustien products for a wider selection of fuels at the non-150
{hot day) conditions which were originally specified for the present
study. The tables included here are for fuels which were selected for
speclal attention in the combustion subsystem performance calculations

and were thus rerun at IS0 conditioms.

The first page of Tables A 4.1.1 through A 4.1.3 is the fuel
gas analysis. Included as the second page of Tables A 4.1.1 through

%
Delivered to NASA but not included in this repert fer purposes of
brevity.
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A 4.1.3 and the first page to Table A 4.1.4 are the coefficients cf a
series of polynomials generated using curve-fit programs for mathematical
correlations of properties of the products of combustion. These poly-
nonlals were utilized with the programs described in Appendix A 4.8. The

generalized form of the polynomial is:

£(x) = A0 + (AL)(x) + (A2) ()% + (A3)(x)° + (A4) ()" + (45)(x)°.

The properties listed are enthalyy, H, above a reference of 0
at 222°K (400°R) and given in Btu/lb and relative pressure, P. These
are given in terms of the absolute temperature, T, in °R which is varied
in 5°R steps from 460 to 2953°R. Also listed at the top of each page
are the gas comstant, R, in ft 1b/1bm-"R; the products molecular weight,
MOL. WGT; percent oxygen, PCT. 02; percent carbon dioxide, PCT. CO2Z;
percent water, PCT. H20; percent sulfur diogide, PCT., 502; percent nitro-
gen, PCT, N2; percent argon, PCT. A; fuel to dry air ratie, F/DA; and
moisture to dry air ratio, M/DA. The percentapes referred to are by

weight, that is weipght percent.
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Table A 4.1.1 — Properties of the Products of Combustion of Low-Btu Fuel
Gas from a Westinphouse Fluidized Bed Gasifier with High
Temperature Desulfurization and Particulate Removal
Generated from Illinois No. 6 Bituminous Coal
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- LOW-BTU FUEL CGAS PROPERTIES

GASIFICATION PROCESS Westinghouse Fluidized Bad/High-Temp. Dezulfurization

COAL Illipois No. 6 bituminous

Lockhopper Inlet Conditions
Temperature 150

Moisture Comtent 3%

SORBENT Dolomite
Sorbent/Cosl Ratio  9+39 (0.53)

PROCESS AIR
Air/Coal Ratie 2.77 (2.49)
Temperature = °F 750
Pressure -~ psia 250

PROCESS STEAM

Steam/Coal Ratio 0.535 (0.480)
Temperature ~ °P _ 400
Pressure - psia 250

PRODUCT FUEL GAS
Tenperature - °F 1600

Pressure — psia 225

Composition-Mole Fraction

2 L4346 ?roduct Fuel Gas/Coal
Ratio 4.15 (3.72)
0, 0
Gasifier Aux. Pwr. _14.4
H2 1594 (kW/1b/a)
o -2152 Spent Sorbent Oxidizer Exhaust
Co2 ,0837 Products 1500
o
- °F
Hy0 _ 0757 Tin
Toue = °F _300
aas : 444 (399)
-Btu/lb coal 399
CH4 .0315 4 u/ ————terer=)
CoHy, 0
Molecular Wt 24,08
tleating Value
LHV - 141.37 Btu/scf 2228.89 Btu/lb
HHV - 152.53 Btu/scf 240&-88 Btullb
LHV/HHV ,9268
Enthalpy (400°R Base) — 350,75 Btu/lb

Stoichiometric Fuel/Adr Ratio 0.699

(values in parenthesis are for as received coal) 47248
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Table A 4.1.2 - Properties of the Products of Combustion of Low-Btu Fuel
Gas from a Westinghouse Fluidized Bed Gasifier with High
Temperature Desulfurization and Particulate Removal
Generated from Montana Subbituminous Coal

4-778




—- LOW-DTU FUEL GAS PROPERTIES

GASTFICATION PROCESS Westioghouse Fluidizéd Bed/High-Temp. Desulfurization

COAL Montana subbituminous

Lockhopper Inlet Gonditions
Temperature 150

Moisture Content 207

SURBENT holomite
Sorbent /Ceal Ratio. 0.12 (0.11)

PROCESS AIR
Adr/Coal Ratio 2.18 (2.06)
Temperature - °F 750
Pressure — psia 250

PROCESS STEAM

Steam/Coal Ratio 0.450 (0.425)
Temperature - °F 400
Pressure — psia 250

PROBUCT FUEL GAS
Temperature — °F 1600

Pressure ~ psia 225

Composition-Mole Fraction
N

2 L4291 Product Fuel GazfCoal
Ratio 3.31 (3.13)
02 4]
Gasifier Aux. Par. 4.4
u, «1677 (kw/1b/8)
co . - 2264 Spent Sorbent Oxidizer Exhaust
002 .0791 Products
Tip = °F 1500
10 .0722
Touw = °F 300
HpS ¢ out
cn, .0276 q-Btu/lb coal _70 (67)
Cally Q
Molecular Wt 23.87
Heating Value
LEV - 143,02 Bru/fect 2274.75 Btu/1b
. HHV - 154.21 Brou/sct 2452,76_ Btu/lb
LHV/HHY ,9274
Enthalpy (400°R Base) - _ 552.08 Btu/lb

Stoichiometric Fuel/Air Ratio 0,685

(Values in parenthesis are for as received coal) h-2 14
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Table A 4.1.3 ~ Properties of the Products of Combustion of Low-Btu Foel
Gas from a Westinghouse Fluidized Bed Gasifier with High
Temperature Desulfurization and Particulate Removal
Generated from North Dakota Lignite :

4-309




— LOW-BTU PUEL GAS PROPERTIES

GASIFICATION FPROCESS  Westinghouse Filuidized Bed/High-Temp. Desulfurization

COAL, North Dakota lignite

Lockhopper Inlet Conditions
150

Temperature
Hoisture Content 27%

SORBERT Dolomite
Sorbent/Coal Ratio 0.11 (0.10)
PROCESS AIR
Air/Cual Ratio 1.81 (1,57
Temperature = °F 7'59 .
Preasﬁre - i:si.a . 250
FROCESS STEAM
Steam/Coal Ratio 0.361 (0.313)
Temperature - °F _ 400
Pressure - psia 250

PRODYUCT FUEL GAS

‘Temperature - °F 1600
. Pressure - pala 225
Composition-Mole Fraction
Nz 24237 Product Fuel Gas/Cosal
0 0 Ratio 2.B0 (2.42)
& Gagifier Aux. Pwr. _1l4.4
By 1657 (k¥/1b/8) IR —
co :2299 » Spent Sorbent Oxidizer Exhaust
co ,0812 : Products
A § i Tyy = *F __1500
130 0715 Ty - oF 300
HaS 0 ou
cH,, 0279 q=Btu/lb ceal 659 (60)
CaHy 0

Holecular Wt 23,95
Heating Value

LAV - 146,54 Btufscf _2290.67 Btu/1b
HEV = 155.66 Btu/scE  2466.91 __ Btu/1b
LHV/EHV 9286

Enthalpy (400°R Bese) - __ 530.76 _ Bru/1b

Stoichiometric Fuel/Air Ratio 0.686

{Values in parenthesis ara for as received cosl) 4-310
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Table A 4.1.4 - Properties of the Products of Combustion of Direct Filred ‘
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