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1.0 Introduction

The team of Cottrell Environmental Sciences, KVB and Riley Stoker will
conduct a proof of concept demonstration of an Integrated Dry Injection
Process. The process consists of combustion modification using low NOX
burners to reduce NO, (i.e., NO + NO,) emissions, dry injection of
hydrated 1ime at economizer temperatures for primary capture of 302, and
addition of a commercial grade sodium bicarbonate at the air heater exit
for additional 502 and NOx removal. This concept is illustrated in
Figure 1. The Integrated Dry Injection Process offers the potential for
simul taneously achieving 90+% SO, removal, and 75+% NO, removal from a
high sulfur flue gas. The proposed process is well suited for new or
retrofit applications since it can be incorporated within the existing
economizer and downstream duct. In addition, the capital costs are kept
to a minimum since no large system components such as catalytic beds,
spray dryers or scrubbers are required. Preliminary economic analysis
indicate a capital requirement of $50/kw and a total levelized operating
cost of about 10 mills/kwh.

Tests conducted by KVB on a bench scale and a small pilot plant unit have
demonstrated that hydrated 1ime addition at economizer temperatures is
capable of capturing 79% of the inlet S0, with a feed stoichiometric
ratio of 2. The simultaneous removal of S0, and NO, in the presence

of sodium bicarbonate or hydroxide has also been demonstrated by KVB at
the Araphoe test facility of EPRI. A low NOx burner has been developed
by Riley Stoker for sizes up to 100 miliion Btu/hr.

The proof of concept demonstration will be conducted on the large
combustor at the Riley Stoker research facility in Worcester, MA. The
scope of the program includes system engineering and design, equipment
procurement, modification and installation, system commissioning,
operation and testing, data analysis and reporting. A preliminary sorbent
screening test program will be conducted at the KVB test facility in
Irvine, California. CES is the primary contractor and has overall project
management responsibility, KVB, Inc. and the Riley Stoker Corp. are the
major subcontractors,
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The demonstration plant consists of a combustor equipped with a low NOx
burner firing at a rate of 50 million Btu/hr., A slip stream of 10,000
scfm of flue gas from the combustor will be indirectly cooled to the
target economizer inlet temperature. Hydrated lime will be injected in
the pilot economizer section at representative inlet temperatures and
quench rates. Exit gases will be cooled to typical preheater outlet
temperatures in an air cooled exchanger. Dry sodium bicarbonate will be
injected in the flue gas exiting the air preheater. Subsequent
humidification of the flue gas with a water spray after the sodium
bicarbonate injection is expected to enhance precipitator performance.

A twenty- four month program is planned with startup of the demonstration
facility about twelve months after project inception. Two coals will be
tested: a medium (2.5%) sul fur and high (3.5%) sul fur coal in order to
demonstrate the process over an inlet 502 concentration of about 2200

to 3000 ppm.

2.0 Status

During the January - March 1989 time period major efforts were directed
toward a finalization of the test parameters and their order of testing
and toward the system design. A kickoff meeting, a Utility Review
Committee meeting and a design review meeting were held during this period
in order to gain direction on these objectives. The test parameter matrix
has been modified several times as a result of these meetings. The
current version will be discussed in this report,

The equipment design has also evolved through several changes, and the
current design will be presented in this report.

Work during the next three months period will be devoted to detailed
design, and equipment specification and purchase.




3.0 System Design

Flue gas will be taken from the Riley Research CBTF at the furnace exit
just upstream of the spraydown and scrubber. The gas will leave the
furnace at about 1200F, and will be routed to a heat exchanger in order to
reduce the temperature of the gas entering the simulated economizer to the
900-1100 F range. A 6-ft long section of open duct will separate this
heat exchanger from the economizer tube banks in order to accommodate
sorbent injectors. The economizer will be simulated with two heat
exchangers each having the following construction: 6-ft long, 3-ft x 5-ft
in cross section; 10 tubes/row, 1.91-inch OD tubes on 3.6-inch centers, 17
rows in in the direction of flow; air cooled tubes. The superficial
velocity for 50 million Btu/hr gas flow will be about 27 ft/s (at 800 F).
The gas will exit the economizer section at 650-750 F and will then be
cooled in a simulated air heater to 300 F. The air heater will be of
parallel plate construction. The air heater exit gas will enter a 30-inch
ID duct, nominally 100 feet in length, and providing about 2 s isothermal
residence time at 50 ft/s and 300 F. The duct will be straight except for
one 180 degree turn to bring the flue gas back to the particulate control
devices. The 30-inch duct will continue into the pulse-jet baghouse; a
15-inch duct will take a portion of the flow into the ESP. Separate
venturies and dampers will be used in the exit lines to control flow
through the baghouse and ESP. The gas streams will then be combined and
returned to the scrubber using a booster fan. Figure 2 shows a plan view
of the equipment arrangement. Figure 3 shows the design flue gas time-
temperature profile for the described system. The residence times and
temperatures are considered to be representative of the U.S. boiler
population.

A combustion calculation and a material and heat balance computer program
have been written which allows a rapid determination of material flows
and heat transfer within the system. The flow system is shown in

Figure 4, A typical input page to the program is shown in Exhibit 1. A
Riley Research combustion program is used to generate the flue gas
constituents, and an example of the input and output of this program is
given in Exhibits 2 and 3. For the examples shown, the output of the




Figure 2. Equipment Arrangement
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Exhibit 2. Combustion Calculation Input
LOTUS123 FILE FUELSTO.WK1 PAGE 1/2
USER ENTERS VALUES MARKED #*

FLUE GAS COMPOSITION FROM COAL ANALYSIS
FUEL®; #2, 3/7/89 FAX

MOL O2 MOL PRODUCED/LB COAL, 0% 02 IN DRY AIR

WT$ IN COAL AF RQD/LB Ceeeesercec————— tadededabiitb bl D ol
s esr e ———en——- - —ew=—-=- CO2 H20 502 N2 FLUE GAS
CARBONW 58.50 4.88E-02 4.8BE-02 1.83E-01 2.32E-01
HYDROGEN* 4.00 1.00E~02 2.00E=-02 3.76E-02 5.76E-02
NITROGEN+* 1.00 0.00E+00 3.57E-04 3.57E-04
OXYGEN®* 6.00 -1.9E=-03 -7.1E-03 =7.1E-03
SULFUR# 2.50 7.81E~-04 7.81E-04 2.94E-03 3.72E-03
ASH* 16.00 0.00E+00 0.00E+00
MOISTURE* 12.00 0.00E+00 6.67E-03 6.67E-03
TOTAL 100.0 5.77E-02 4.88E-02 2.67E-02 7.81E~Q4 2.17E-01 2.93E-01

STCICHIOMETRIC COMBUSTION IN DRY AIR, PER LB FUEL:

AIR ROD(MDAO) DRY FG(MDFGO) WET FG
MOLES 2.75E-01 2.67E-01 2.93E-01
M.W. 2.90E+01 3.10E+01 2.98E+01
LBS 7.96E+00 8.28E+00 8.76E+00
1(0), MOL H20/MOL DRY FG, STOICH COMB IN DRY AIR: 1.00E-01
BTU/LB* 10500

LBS 502/10E6 BTU 4.76

LBS ASH/10E6 BTU 15.24




Exhibit 3. Combustion Calculations Output

LOTUS123 FILE FUELSTO.WK1
USER ENTERS VALUES MARKED %

YA, AMBIENT HUMIDITY, MOL/DRY MOL*: 2.00E=-02

DRY §02=* 0.00 1.00 2.00 3.00
SR 1.000 1.050 1.105 1.167
DRY BASIS:

co2, % 18.27 17.40 16.53 15.66
N2, % 81.43 81.32 81.20 81.09
02, PPM 2928 2789 2649 2510
MOL WT 31.03 30.92 30.82 30.72
DSCF/LB COAL 103.2 108.4 114.1 120.5
DSCF/1E6 BTU 9833 10325 10868 11472
ASH, GR/DSCF 10.85 10.33 95.81 9.30

Y, MOL/MOL DRY FG 0.120 0.115 0.110 0.106

WET BASIS:

02, § 6.00 0.90 l1.80 2.71
coz, % 16.32 15.61 14.89 14.17
N2, % 72.71 72.92 73.13 73.34
§02, PPM 2615 2501 2386 2270
H2G, ® 10.71 10.33 9.95 9.56
MOL WT 29,63 29.59 29.85 29.50
WSCF/LB COAL 115.6 120.9 126.7 133.2
WSCF/1E6 BTU 11012 11514 12068 12684
ASH,GR/WScCF 9.69 9.26 8.84 8.41

PAGE 2/2

4.00
1. 235

14.79
80.97

2371
30.61
127.5
12147

8.78

0.101

3.63
13.44
73.55

2153

9.17
29.46
140.4
13372

7.98

5.00
1.313

13.92
80.85

2231
30.51
135.5
12906

8.27

0.096

4.56
12.70
73.76

2035

8.77
29.41
148.5
14147

7.54

¥ TAKEN AS Y(0)/SR + YA (WITHIN 1% RELATIVE FOR COAL, 2%REL FOR GAS)

SR DEFINED AS 21/(21~DRY 02)
DRY CONCENTRATION = DRY CONC (0% 02)/SR
WET CONCENTRATION = DRY CONC/(1+Y)

10




combustion program (Exhibit 3}, for the case of an air to fuel
stoichiometric ratio of 1.167, is the input for the material balance
program (Gas Constituent column of Exhibit 1).

Material balances are then calculated for the various streams of Figure
3, assuming the following reactions occur:

Ca (OH);  —————s=  Ca 0 + H,0

2 Na HC03 + SOZ + 0 ——e Na2 504 + Hzo + ZCOZ

The stoichiometric ratios, capture efficiencies and product ratios of
Exhibit 1 allow a determination of the percentage of sorbent entering
into each reaction above. The reaction constants shown in Exhibit 1 were
selected for the purpose of demonstration, but are considered to be
realistic. The actual values of these constants will be determined by
solids composition testing and measured 50, and NO, removal

efficiencies. QOther inputs needed in order to complete a material balance
are the air to sorbent and air to water ratios. The calculated material
flows are given in Exhibits 4 and 5. Exhibit 4 gives material flows in
1b/hr for the principal streams. Exhibit 5 gives material flows for all
the streams of Figure 3 in conventional units.

Once the material flows are established and the temperatures are
specified, a heat balance is determined by calculating the sensible heat

11
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of each component within a flow stream and summing the individual sensible
heats. The sensible heats for the gas are calculated from the equation:

1
5det

T ref

AH

where the specific heat for each gas, Cp, is represented by an approxi-
mation in the form of

Cp= a+blT + cT2

The specific heats of the solids are assumed to be constants.

The results of such a calculation for the input values given in Exhibit 1
is shown in Exhibit 6. The difference in sensible heat of the total gas
and solids from point to point represents the amount of heat which must be
removed by the heat exchangers. This heat is represented by the
temperature increase of the cooling air. Finally, the flow rate of spray
water is calculated, based upon the desired final temperature of the gas
and the Tatent heat of evaporation of the water,

4.0 The Test Program Planning

The overall test program includes subscale sorbent screening tests at KVB
and a pilot scale parametric test series at the Riley CBTF.

The KVB subscale tests will evaluate eleven hydrates at 900, 1000 and
1100%F in the pilot scale reactor system shown in Figure 5. For each
test, 02, COZ, C0, NO, N02 and 502 concentration will be

monitored.
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The hydrates are:

Hydrate Source
1. Missisippi Lime Co. Ste. Genevieve, M0
2. Marblehead Lime Co. Chicago, IL
3. Bellefonte Lime Co. Bellefonte, PA
4. Tenn-Luttrell Co. Lutrell, TN
5. & 6. Chemical Lime Co Clifton, TX

5. Regular (17-20 mé/g)
6. High  (30-40 m%/g)

7. Colton Lime Co. Colton, CA

8. Rheinische Kalksteinwerke Wul frath W. Germany
9. Alcohol Hydrate KVB Lab
10. Lignosite Additive 1 KVB Lab

11. Lignosite Additive 2 KVB Lab

Hydrates 1,2,3,4,5 and 7 are commercial hydrates selected on the basis of
a high surface area. Hydrate 6 is currently produced on a pilot scale by
Chemical Lime Co. and they claim special process could be quickly
commercialized. Hydrate 8 is from a commercial alcohol/water hydration
plant in West Germany, which will be compared to hydrate 9, an alcohol
water hydrate made in the KVB laboratory. Hydrates 10 and 11 will be made
with 2% and 3% lignosulfonate. The commercial hydrates will be milled on-
line prior to injection, while the additive enhanced hydrates will not be
milled on line. One commercial hydrate and one additive enhanced hydrate

will be selected for the demonstration program.

The same pilot scale furnace will be used to evaluate the effectiveness of
the NO, suppression additive to the sodium bicarbonate. In these tests
calcium hydroxide will be injected at 1000°F with a Ca/S = 2. The coal
burner will also be run under staged conditions so that approximately 400
ppm NO, is generated. Sodium bicarbonate will then be injected upstream
of the baghouse at a temperature between 300 and 350°F. Urea and
activated carbon will be added to the bicarbonate and the resultant NO,
removal and NO, generation will be studied. The optimum additive will

be selected based on NO, suppression, effect on NO, removal and any
potentially detrimental byproducts formed. These subscale tests are
scheduled for March through May, 1989.
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Prior to conducting the parametric tests, a series of experiments will be
performed to optimize the hydrate mixing rate with the flue gas above the
economizer. Three injection parameters will be varied independently --
the injector number, the exit velocity and the transport air to flue gas
ratio. Tests would generally be run at Ca/S ratios of both 1 and 2. At
the conclusion of the tests the nozzle number and injection velocity
would be fixed at optimum values for the parametric and long term
experiments.

The parametric test program will consist of a series of short tests, 4 to
8 hours each, for the purpose of demonstrating SOZ and NOx

reductions. The test matrix for achieving these objectives is given in
Table 1. The matrix is designed to allow a determination of the influence
of each parameter independently of the other parameters. Thirty four test
runs are planned. All runs are scheduled for eight hours, except those
marked with an asterisk, which signifies four hours. Except where
otherwise indicated, all tests will be run using a 2 1/2% sul fur coal
(2200 ppm S0,), the Riley CCV low NOy burner, and a commercial

hydrate milled prior to injection.

The first five runs are designed to determine the importance of bicarbo-
nate injection and humidifier cool down temperature on precipitator per-
formance. The first run will establish base case precipitator performance
for fly ash only. Run #2 will show how this performance changes resulting
from hydrate injections, run #3 will show how precipitator performance
changes resulting from bicarbonate injection, and runs # 4 and 5 will
demonstrate the effects of humidification. Following run #5, a humidified
temperature will be chosen that yields acceptable precipitator
performance, and this temperature will be used for the remaining tests.

Runs #6 - 8 will be used to determine the amount of additive needed for
good NO, control. The value established by these runs will be used for
the remaining tests.

Runs #9 - 11 will be used to establish an economizer hydrate injection
temperature for optimum SO, removal. This temperature will be used for
the remaining runs.
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Hydrate
with -
additive

Coal 2 —

Std.
(high NOx)-
burner

Table 1.

TEST MATRIX FOR THE DEMONSTRATION FACILITY

NO, CONTROL ADDITIVE

RUN ECON INLET TEMP Ca/s AH EXIT TEMP Na/ (2S5 + NO) HUMID TEMP % OF BICARB
T 1000 0 300 0 300
2 1000 2.0 300 0 300
3 1.0 300
4 l 200
5 250
6 Best 2
7 5
8 10
9% 1000 Best
10* 1100
11* 900 ¥
12% Best 270
13+ 350
14* 300 1.0
15*% 1.5
16* v 0.5
17 2.0 1.0
18 2.5
19 Y 1.5
20 1000 2.0
21 1100 2.0
22 900 2.0
23 Best 2.5
24 Best 1.5
25* Best From Run 12 2.0 _
26* 2.5 J
27* 1.5 )
28* 2.0 200
29* , 160
30* 180
31* 0 Best From Run 6
3o* 1.5
33* 1.0
34+ | v 0.5

*

Indicates two runs per day




The effect of air heater exit temperature is investigated in runs #12 -
14, the effect of bicarbonate mole ratio in runs # 14 - 16, and the effect
of hydrate mole ratio in runs #17 - 19.

The additive enhanced hydrate will be evaluated in runs # 20 - 24. Both
the hydrate to sul fur mole ratio and the injection temperature will be
varied during these tests.

The effects of burning a 3 1/2% sul fur coal will be investigated in runs #
25 - 27.

An effort to enhance 50, capture through humidification to a close
approach to the adiabatic saturation temperature will be made in runs

# 28 - 30. During these runs an additional cooling water atomizer will be
located in a large diameter duct section just upstream of the
precipitator.

Finally, the CCV burner will be replaced by a standard burner, and the
ability to handle higher NO, Tevels will be investigated in runs

#31 - 34.

Figure 6 shows the locations of the temperature measurement and gas
sampling points. All temperatures will be routinely recorded once per
hour. Gas monitoring will be by the KVB mobile lab. The gases measured
and the methods to be used are:

Gas Met hod

502 Ultraviolet Photometric
NOX Chemiluminescent

02 Fuel Cell

P Nondispersive Infrared
CO n "
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Solid samples will be taken from the precipitator hopper once per test
run. These samples will be analysed for Ca, Mg, Na, NOZ, NO,, 503,

S, and CO3. In addition, ASTM 0698-70 will be used to evaluate the
disposibility of the solids. 1In this method, water is added to the
material until maximum denisty is achieved, whereupon a 1.5 inch diameter
tube is filled with 6" of the material. This material is allowed to cure
for periods of 1 to 28 days, after which 10 to 100 psi of water is applied
to the top of the material and the rate of water flow through the material
is measured. This leachate is analyzed for nitrate and sodium content,
and in this way permeability of the fixed material and the nitrate and
sodium concentrations in the leachate are determined.

5.0 Heat Exchanger Specifications

5.1 Economizer

The design for the economizer simulation is based on the results of a
survey of utility convective sections performed by KVB, Here are KVB's

recommendations:

- 6 ft. of open space upstream of the economizer to accomodate
sorbent injectors.

- 6 injector ports at two locations.
- Economizer inlet controllable at 900-1100 F,.
- Economizer outlet controllable at 650-750 F.

- Maximum velocity between tubes of 40-60 ft/s (corresponds to 20-
30 ft/s superficial velocity with typical tube spacing).

- Typical residence time of 0.3 s

- Temperature drop through the economizer of 200 F.
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In order to supplement this information, the economizer sections of three
Riley boilers were examined. All were pulverized coal fired, 1967-1970
construction, and ranged from 250-410 MWe. Here is some information from
the boiler design data:

- The economizer in each boiler was divided into two parallel
passes with the area split ranging from 75/25 to 67/33%. This is
a common design feature allowing controlof upstream
superheat/reheat temperatures by varying the proportion of flow
through each pass. At full load, the flow through each pass
should be approximatliey proportional to area. (At reduced load,
the gas flow through each pass would not be proportional to area
since most of the flow would be directed through the main pass.)
Since the amount of heat transfer surface upstream of each
economizer pass is different, inlet temperatures can be
significantly different in each pass. This issue is not
addressed in the simulation, but should be kept in mind for full
scale application.

- The calculated superficial velocity at full load was 18-19 ft/s,
and the maximum (intertube) velocity calculated at an assumed
temperature of 800 F, was 35-42 ft/s. These velocities are based
on the full duct cross section. Unbalanced flow could increase
the velocity in one pass.

- Tube patterns were either 2.0-inch 0D on 4.0-inch centers, or 2.5-
inch 0D on 4.5-inch centers.

- The number of rows varied from 17 to 27 deep in the direction of
flow, or a tube-bank depth of 6 to 9 ft.

- Two of the three economizers included a cavity about 3 feet
deep.

- The superficial residence time within the tube banks (excluding
the cavity) ranged from 0.33 to 0.5 s (proportional flow and
identical temperatures throught he two passes assumed).
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- Calculated inlet/outlet temperatures were 850/750, 922/721, and
935/715 F, with corresponding quench rates (based on tube bank
depth excluding the cavity) of 275, 590, and 400 F/S.

These particular economizers had a lower velocity and quench rate and
longer residence time that the average from the survey. However, the
recommendations from the survey appear to be sound. The design
superficial velocity will be taken as the mid to upper part of the 20-30
ft/s range recommended by KVB. Tube bank depth and temperature drop
capability will be increased to ensure adequate performance. Two
separately cooled tube banks and the use of air cooling will allow the

heat removal to be controlled as required.

Water temperatures in the three Riley economizers ranged from 481 to
553F. Since tube metal temperature will closely approach water
temperature, and since we wish to avoid a pressurized system for the
simulator, this indicates that air cooling must be used to maintain
realistic tube tempera-ture.

5.2 Air Heater

The heat exchanger simulating the air heater will be capable of cooling
the flue gas to 300 F from the maximum economizer outlet temperature of
750F. The most common utility air heater by far is the regenerative type,
typified by the Lungstrom. However, this type of air heaater exhibits
excessive leaskage between the flue gas and air streams at this scale
(20 - 40%, compared to about 5% in large units). A parallel plate type
recuperative heater will be used in order to roughly simulate the geometry
of the regenerative heater, and because it is more compact that the cross
flow tube type of exchanger.

5.3 Cold Side Duct

SOZ removal by sodium bicarbonate injected downstream of the air heater
will depend on the residence time available in the duct connecting the air
heater and the ESP. Since the primary air of the project is to
demonstrate a retrofit technology, the duct will be designed with a
realistic residence time and velocity. Based on information provided by
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DOE, the duct will be designed to provide about 2 s residence time at

50 ft/s and 300 F. The duct diverting part of the gas flow into the ESP
will be scaled to maintain the same velocity. In addition, a small
chamber will be available to substitute for a section of duct immediately
preceeding the ESP. This will be used only if required for humidification
to a low approach temperature. Normal operation will entail only moderate
humidification within the straight duct section.

6.0 Electrostatic Precipitator and Baghouse

The electrostatic precipitator that will be used for the program is an
existing Research-Cottrell pilot unit and is shown in Figure 7. The
precipitator is a two-field unit and is designed as a small segment of a
standard R-C precipitator. The gas passage width is 9" and the discharge
electrodes consist of the weighted wire design. The collecting surface is
the G-Opzel design and is the same as in a full-scale precipitator, with
the exception of height, and the total collecting surface is 792 square
feet. This yields an SCA of approximately 200 Sq. Ft./1000 ACFM.

The gas passing through a full-sized ESP does not normally lose more than
a few degrees of temperature from inlet to outlet; but the ratio of gas
volume to outside surface is so much smaller on the pilot ESP that the
shell is heated to prevent a large temperature change.
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Pertinent physical characteristics of the precipitator are given below:

Number of Chambers 1

Number of Fields 2

Number of Gas Passages per Field 4

Length of Field 9 Ft.

Size of Gas Passages 9" x 5.5'

Type of Collecting Surfaces G-Opzel

Type of Discharge Electrodes Weighted Wlre

Number of Hoppers 2

Number of Rappers 4

Number of T-R's 1

Type of T-R NWL Model 30140
6 kVA Single Phase
60 Hz.

460 VAC. 14A Input
140 KvDC Peak, 50 mA
Qutput

The baghouse will be a pulse jet type, containing approximately 3,000 sq.
ft. of filter fabric, yielding an air cloth ratio of 3 ACFM/Sq. Ft. The
filter fabric will be acid resistant Nomex felt and on-line pulse jet
cleaning will be employed. The baghouse will be insulated with 3 inches
of fiberglass wool. The baghouse vendor has not yet been chosen, but a
baghouse typical of the specifications given above is shown in Figure 8.
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Figure 8.

Pulse Jet Baghouse
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APPENDIX I Material And Heat Balances

The results of calculations for the material and heat balances of the
system shown in Figure 4 are reported here. The calculations are for 2.5
and 3.5% sulfur coal and for calcium to sulfur mole ratios of 1 and 2.
For each value of coal sul fur level, the combustion calculation is
followed by the material and heat balances for two values of Ca/S.
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LOTUS123 FILE FUELSTO.WK1

USER ENTERS VALUES MARKED *

FUEL*: 42,

PAGE 1/2

FLUE GAS COMPOSITION FROM COAL ANALYSIS

3/7/89 FAX

WT% IN COAL AF

CARBONW
HYDROGEN®*
NITROGEN®*
OXYGEN+*
SULFUR*
ASH*
MOISTURE*

TOTAL

58.50
4.00
1.00
6000
2.50

16.00

12.00

_——— -

MOL 02
RQD/LB

1.00E-02
0.00E+00
-1.9E=03
7.81E=04
C.00E+00
0 OOE+00

-———== CO2
4.88E-02 4.88E-02

- amwr =mw

2.00E=02

6.67E-03

7.81E-04

100.0 5 77E-02 4.88E-02 2.67E~-02 7.81E-04

STOICHIOMETRIC COMBUSTION IN DRY AIR, PER LB FUEL:

MOLES
M.W.
LBS

AIR RQD(MDAO)

2.75E-01
2.90E+01
7.96E+00

DRY FG(MDFGO)

2.67E-01
3.10E+01
8.28E+00

¥(0), MOL H20/MOL DRY FG, STOICH COMB IN DRY AIR:

BTU/LB#*

10500

LBS S02/10E6 BTU
LBS ASH/10E6 BTU

4.76
15.24

30

N2

1.83E~01
3.76E-02
3.57E-04
-7.1E-03
2.94E-03

2.17E-01

WET FG

2.93E-01
2.98E+01
8.76E+00

1.00E-01

MOL PRODUCED/LB COAL, 0% 02 IN DRY AIR

- D e e D AP D A e R T D D D wr . e TS G ED R PR A Y AR S R A SL EP Wy Wy I YD AR G G e W e

FLUE GAS
2.32E-01
5.76E-02
3J.57E-04
=7.1E-03
3.72E-03
0.00E+00
6.67E-03



LOTUS123 FILE FUELSTO.WK1
USER ENTERS VALUES MARKED *

YA, AMBIENT HUMIDITY, MOL/DRY MOL#: 2.00E=02

DRY $02+ 0.00 1.00 2.00
SR 1.000 1.050 1.105
DRY BASIS:

co2, % 18.27 17.40 16.53
N2, % 81.43 81.32 81.20
5§02, PPM 2928 2789 2649
MOL WT 31.03 30.92 30.82
DSCF/LB COAL 103.2 108.4 114.1
DSCF/1E6 BTU 9833 10325 10868
ASH, GR/DSCF 10.85 10.33 5.81

Y, MOL/MOL DRY P¢ 0.120 0.115 0.110

WET BASTS:

02, ¢ 0.00 0.90 1.80
coz, % 16.32 15,61 14.89
N2, § 72.71 72.92 73.13
S02, PPM 2615 2501 2386
H20, &% 10.71 10.33 9.95
MOL WT 29.63 29.59 29.55
WSCF/LB COAL 115.6 1206.9 126.7
WSCF/1B6 BTU 11012 11514 12068
ASH,GR/wscCrF 9.69 5.26 8.8¢

3.00
1.167

15.66
81.09

2510
30.72
120.5
11472

9.30

0.106

2.71
14.17
73.34

2270

9.56
29.50
133.2
12684

B8.41

PAGE 2/2

4.00
1.235

14.79
80.97

2371
30.61
127.5
12147

8.78

0.101

3.63
13.44
73.55

2153

9.17
29.46
140.4
13372

7'98

5.00
1.313

13.92
80.85

2231
30.51
135.5
12906

8.27

0.09¢6

4.56
12.70
73.76

2035

8.77
29.41
148.5
14147

7.54

Y TAKEN AS Y(0)/SR + YA (WITHIN 1% RELATIVE FOR COAL, 2%REL FOR GAS)

SR DEFINED AS 21/(21~DRY 02)
DRY CONCENTRATION = DRY CONC(@0% 02)/SR
WET CONCENTRATION = DRY CONC/(1+Y)
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307 CAPTURE £FF = L/J

NG CAPTURE EFF = M/K = G.42

OO TmI

B OINJETT IR / LB Ca(lH2 4.00
B OTNJETT 2AIR S LB NantoZ = 1.06
LB STOMIZER AIR / LB WATER 0.50

SEFERENCE TEMFERATURE = AMBIINT = ToLO0 = TR T
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10TUS123 FILE FUELSTO.WK1
USER ENTERS VALUES MARKED #*

PAGE 1/2

FLUE GAS COMPOSITION FROM COAL ANALYSIS

FUEL*:  #1, 3/7/89 FAX

MOL 02  MOL PRODUCED/LB COAL, 0% 02 IN DRY AIR
WT$ IN COAL AF RQD/LB  ====mcececm e mccecceeeecececeec—ceoca—na-
DS co2 H20 $02 N2 FLUE GAS
CARBON* 57.50 4.79E-02 4.79E=02 1.80E-01 2.28E-01
HYDROGEN# 4.00 1.00E-02 2.00E-02 3.76E-02 5.76E-02
NITROGEN* 1.00 0.00E+00 3.57E~04 3.57E-04
OXYGENw 6.00 -1.9E-03 -7.1E~03 -7.1E-03
SULFUR»* 3.50 1.09E-03 1.09E-03 4.11E-03 5.21E-03
ASHw 16.00 0.00E+00 0.00E+00
MOISTURE* 12.00 0.O00E+00 6.67E-03 6.67E~03
TOTAL 100.0 5.71E-02 4.79E-02 2.67E-02 1.09E-03 2.15E-01 2.91E-01
STOICHIOMETRIC COMBUSTION IN DRY AIR, PER LB FUEL:

AIR RQD(MDAO) DRY FG(MDFGO) WET FG
MOLES 2.72E-01 2.64E-01 2.91E-01
M.W, 2.90E+01 3.10E+01 2.99E+01
LBS 7.89E+00 8.21E+00 8.69E+00
Y(0), MOL H20/MOL DRY FG, STOICH COMB IN DRY AIR: 1.01E-01
BTU/LB% 10500
LBS S02/10E6 BTU 6.67
LBS ASH/10E6 BTV 15.24

40




LOTUS123 FILE FUELSTO.WK1

USER ENTERS VALUES MARKED #

YA, AMBIENT HUMIDITY, MOL/DRY MOL¥:

DRY %02=
SR
DRY BASIS:

co2, §

N2, &

S02, PPM
MOL WT
DSCF/LB COAL
DSCF/1E6 BTU
ASH, GR/DSCF

Y, MOL/MOL DRY F¢
WET BASIS:

02, %

co2, %

N2, %

S02, PPM
H20, &

MOL WT
WSCF/LB COAL
WSCF/1E6 BTU
ASH,GR/WSCF

Y TAKEN AS Y(0)/SR + YA
SR DEFINED AS 31/(21=-DRY 02)
DRY CONCENTRATION = DRY CONC(@0% 02)/SR

0.00
1.000

18.13
8l1.46

4138
31.05
102.3

9742
10.95

0.121

0.00
16.17
72.67

3692
10.79
29.64
114.7
10919

9.77

1.00
1.050

17.27
81.34

3941
30.94
107.4
10229
10.43

0.116

0.90
15.47
72.88

3831
10.40
29.60
119.9
11416

9.34

WET CONCENTRATION = DRY CONC/ (1l+Y)

2.00E~-02

41

2.00
1.105

16.40
81l.22

3744
30.84
113.1
10767

9.91

0.111

1.80
14.76
73.09

3369
10.01
29.58%
125.6
11965

8.91

3.00
1.167

15.54
81.11

3547
30.73
119.3
11365

9.39

0.106

2.71
14.04
73.30

3206

9.62
29.51
132.0
12575

8.48

(WITHIN 1% RELATIVE FOR COAL,

PAGE 2/2

4.00
1.235

14.68
80.99

3350
30.63
126.4
12034

8.86

0.102

3.63
13.32
73,51

J0o41

9.23
29.46
139,2
13257

8.08

5.00
1.313

13.81
80.87

3153
30.52
134.3
12786

8.34

0.097

4.56
12.59
73.73

2874

8.83
29.42
147.3
14024

7.61

28REL FOR GAS)
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MASS AND ENERGY
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LB ™moLeE /

53]
[ o]
4
)

503+ DxCaS04 + EXCalCI o+ F X2

4 + MXNaNQO3

A% 25 8] T+ B¥OO2 2z CxTga

TANa-T0Z - J¥C0D o+ KENQO - _xNaZSo
CRLOTILM O NSR - AR = 2.0
02 IATTURE EFF - (C+D)/B = 0.7<
CalTI o Jatde = C/D = 1 00
Cat03/7203+504) = E/(C+D) = 0.50

Gl IUM NSR

= I/(23+K)

02 CAPTURE EFF = L/J

MO TAPTURE

EFF = M/K

Ca0:, (S0I+304) = F/{(C+D)

K}

L3 INJECT AIR / LB Ca(CH)2

LB INJECT AIR /7 LB NaHCO3 =

LB ATOMIZER AIR / LB WATER

RTFERENCE

TEMPERATURE
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STREAM NUMCER

1 - S 4

ATR SCFM 10717 .88

W=TEF, GPM

ZCAL . LB/KR £233.19

Ca:0r)Z., LB HR

NabHCCZ ., LB/KHR

FLUE GADEZ, WSCITH 1925 .2.

ACHRSC_IDT . _RBR/HR 167.52 38,61
7 3 9 13

~AIR. STFM . £66 .37

WwaTITR  GFEM

ZOAL . LBAHR

CaitldH)1Z . _B/HR T43P3 .83

NaHCTTE, LB HR

FUJE GR3ES . WSCFM 10666 .39 10:157.73 101%57.73

ASHASCLIDS, LB/HFR 1231.18 1581.28 1581.28
13 14 15 16

AR, TOFM 120.58

WATER, GFM z2.17

CO&A_, _B/HR

Ca{0OH)Z, LB/HR

NaHMC0O3 . LB/HR

FLUE GRSEDS, WSCAM 10671 .98 7622.33 32749 14

Qb= S0l IDS .8/ 1742 .21 1244 .44 497 .73
13 20 21

AIR, SCFM

WATER ., GPM

COAL, LB/HEK

CaiCH)Y2, LE2/HR

NaHCO3, LB/HR

~LUE GASES, WSCFM 10671.98

ACH&SOLIDS, LB/HR 1244 .44 497 .78
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HEAT FALANCE

Attt COOLING AIR AND INJECTELD SOLIDT arl 534585 &7 AMRIENT TEMDERITIHIRE

SENSIRLE HEAT, BTU/HR | REF FO.0N FEL T

’

< OMPONENT Hx ELCN aH pucT DT
INLET INILET INLET INLET DQUTLET

w2 9.23840¢ 7.58E+06 S.44E+06 1.95E+06 L.1TE+0e
bl 3.43E+0S 2.80E405 Z.77E405 1 .00E+03 & 14F 0
o0z 2.67E+0c 2 14E+06 1.38E+06 4.72E+05 2.6SE+0S
307 5 O9E+D4 4.BIE+04 £.67E+O3 2.295+03 € . 08E+I7
Nal 3.04E+03 2.48E+03 1.66E+03 5.27E+02 1. 95£+0:
H2O 4.72F 406 4 I6E+0S 4.02E+CE 3.3T7E435 4. 46E+06
ASH 1.S8E+05 1.30E+056 B8.795+04 3.21E+04 1.B1T+04
£as303 0.0GE+0C O.00E+00 3.63E+04 1.33E+04 7 49E+03
casc4 0.00E+00 3.00E+00 3.43E+04 1.2SE+04 7.08E+)3
2aco3 0.0CE+N0 0.NDE4+00 2.65E+04 9.66E+403F S 46E-13
cad 0.COE+0C O.00E+N0 6.71E+03 2.45E+03 1.3BE+03
CalOH)2 0.00E+0C 0.0DE+00 4.23E+04 1.54E+04 5.73E+03
Na23554 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.47E+03
NaNO 0.00E+00 O.00E+00 0 ODE+00 O 0OQE+0C 4,7ST+07
N22"03 0.00E+00 0.00E+00 0.00E+00 0.00E+CO 1.92E-07
NaHCG3 0.20E+00 C.ONE+00 2.00E+00 0.30E+00 O .0OCE+i O
FULE GAG+SOLIDG  1.72E+407 1.45E+07 1.14E+07 S5.98E+0& $.96E-0¢
WALL CONDUCTION  C.O0E*0C 2.56E+04 3.1SE+404 S.32E+C4 2.)00+04
COOLING 4IR (.00E+OC 2.66E+06 3.15E+06 5.32£+06 0.COE-0C
TOTALS 1.72E+07 1.72E+07 1.45E+07 1.14E+C7 5. I8E+06
cooL AIR OUT DEG F 947.42  558.14  369.14

SERAY WATER, GPM = 2.17
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APPENDIX Il Heat Exchanger Design

Air vs. Water Cooling

As mentioned previously, air cooling is preferred to give reasonable tube
metal tempertures without the use of pressurized water or stream. Air
also offers better control, since the range of water temperature, and
hence the driving force for heat transfer, is limited in a non-pressurized
system. A large supply of cooling air is available from the FD fan, since
the furnace is operated at 50 rather than the nominal 100 million Btu/hr
rating.

Annular vs. Hollow Tube

In the preceding example, the internal coefficient was about 4.4 Btu/hr F
Ft2, and the cooling air delta p through tube was 0.2 IWC. The internal
coefficient can be increased significantly at a given flow by using an
annular arrangement and taking a higher pressure drop through the tube
(eg, h=20 at delta p = 8 IWC). Since cooling air is available at up to 27
IWC, this approach is preferable. Annular construction can also be used
to advantage in reducing expansion problems, since the air inlet and
outlet are both at the fixed end of the tube, and the other end is not
restricted.

Modular Design

Three Heat exchanger modules will be constructed as follows:

3" X 5' duct cross section, 6 ft. long. Superficial velocity
about 27 ft/s for 50E6 Btu/hr, 800 F gas.

- 1.91" OD tubes (sch 10 2-inch pipe) on 3.5" centers, 10
tubes/row, 17 rows/section.

- Annular air cooling.

- Lined with insulating refractory.
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Sketches 1, 2 and 3 show the proposed heat exchanger module.

One exchanger will be constructed with stainless tubing and used to
control the inlet temperature. Two additional exchangers will be used for
the economizer section. A duct with the same cross section, but without
tubes, will accommodate the sorbent injectors upstream of the economizer.
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APPENDIX III Heat Exchanger Calculations

An existing BASIC program was used to size the tube banks in the
inlet heat exchanger and economizer. This section describes the
equations used in the program, and checks the validity of the
approximations used.

External to tube banks. Heat transfer correlations for tube banks
generally involve graphical methods for geometry and arrangement,
for example, the method given in B&W's Stean. However, a
correlation given by Douglas and Churchill for 51ngle tubes in
cross flow gives reasonable results if the maximum (intertube)
velocity is substituted for the superficial velocity. The single-
tube equation is:

h,D/k = 0.46RE"® + 0.00128RE

Here is a comparison of the two methods for 800 F air flow at a
superficial velocity of 20 ft/s:

tube OD x 0Cl x 0C2 h (egn.) h (B&W)
2.0 x 4.0 x 3.0 10.3 10.8
2.0 x 4.0 x 4.0 10.0
2.0 X 4.0 x 8.0 9.8
2.0 Xx 4.0 x 12.0 9.0
2.0 x 3.0 x 4.0 14.2 12.5
2.0 x 2.5 x 4.0 18.0 18.6

The heat transfer coefficient h (Btu/hr ftzrj varies slightly with
spacing in the direction of gas flow (0C2 in the table). However,
the 51ngle tube equatlon gives a good approximation at typical tube
spacings, and is used in the BASIC program.

Tube wall. The tube wall resistance in the usual form is:

Resistance = 1n(R2/R1) , hr ft F/Btu
2Pi k L

In the example following, resistances are all normalized to the
external tube surface area:

R, = R21n(R2/R1) , hr ftZFYBtu (outside area)
k
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For the case of a clean tube, the tube wall resistance is
insignificant. However, a similar equation can be used to add the
resistance of a hypothetical uniform layer of ash.

Internal tube flow. The Dittus-Boelter equation is used for
internal flow:

h.D/k = 0.023RE*SPR?¢
For annular flow, the same equation is used with RE based on
equivalent hydraulic diameter.

Overall coefficient. The overall coefficient is calculated as:

U =1/(1/h, +1/h, + R) , Btu/hr F ft? outside area

(all based on outside area)
Example calculation, One other approximation used in the BASIC
program is the use of average driving force instead of log-mean
difference. (The program orlglnally emphasized high-temperature
cases where radiation is important and very large temperature
differentials made the log-mean correction insignificant.) The
following example is used to check the program calculations by
hand.
-4' x 5' cross section duct
-46,500 lb/hr flue gas (50E6é Btu/hr)
-=1.91 OD x 1.61 ID tubes (sch 40 2" pipe)
~16 tubes/row, 27 rows of tubes in cross flow
-900 F gas inlet, 70 F air inlet

=-30,150 1lb/hr air, once-through each tube in parallel

Evaluate at 800 F average gas temperature, 250 F average air
temperature:

Internal

v = 24 ft/s

RE = 12,000
NU = 36.4
h. = 5.18 Btu/hr ft2 inside area

= 4.37 Btu/hr ft outside area
EA




External

v (between tubes)
RE

55.3 ft/s
13,470

h, = 12.9 Btu/hr F ft? outside area, based on single

tube equation
(= 14.5 from B&W method)

wWall
= 23 Btu/hr ft F

k
R, = 5.9E-4 hr F ft?/Btu (outside area)

Overall

c
]

1/(1/4.37 + 1/12.9 + 5.9E~4)

3.26 Btu/hr ft2 F (3.35 for h, = 14.5)

Q = UAF(DT1m) = mCp(Tin - Tout)
(where DT1lm is log-mean temperature based on countercurrent flow,
and F is a correction for cross-flow tube banks, eg, Welty, Wicks,
and Wilson, Figure 22.10.)
F = 0.98

1079 ft?

A

740 F

T out flue gas

Gas properties should be reevaluated at (900+740)/2, but this will
not change the result much. If the example geometry and flow is
evaluated with the BASIC program, the exit temperature is 724 F.
If the program is modified to exclude radiant heat transfer (which
is not included in the hand calculation above), the calculated exit
temperature is 733 F. This is taken as a validation of the
program.

Tube bank pressure drop.

The BASIC program includes a tube bank pressure drop based on the
approximation given in Perry, p 5-51:

delta p = 0.32 x velocity head
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