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Abstract:
A preliminary design for an indirect-fired falling-particle air preheater for a 400 MW (thermal) MHD
power generation plant was made.

The project was broken down into three major parts: material properties prediction, development of a
theoretical model, and capital and annual cost estimation of the overall design.

A theoretical model was developed for an indirect-fired cored-brick air preheater. Capital and annual
costs were estimated and compared to those of the falling-particle air preheater. It was found that
overall air preheat systems involving these two designs would have approximately the same capital
costs of ~ $44 x 1076, and annual costs of ~$6 x 1076.

An economic comparison was then made between overall indirect-fired air preheat designs, and overall
direct-fired designs. In both the falling-particle and cored-brick cases, the capital cost of the
indirect-fired design was approximately 50% greater than the capital cost of the direct-fired design.
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ABSTRACT o o

A preliminary design for an indirect-fired falling-particle air
preheater for a 400 MW (thermal) MHD power generation plant was made.
The project was broken down into three major parts: material properties
prediction, development of a theoretical model, and capital and annual
cost estimation of the overall design.

A theoretical model was developed for an indirect-fired cored-brick
air preheater. Capital and annual costs were estimated and compared to
those of the falling-particle air preheater. It.was found that overall
air preheat systems involving these two designs would have approximately
the same capital costs of »~ $44 x 100, and annual costs of ~$6 x 100.

An economic comparison was then made between overall indirect-fired
air preheat designs, and overall direct-fired designs. In both the ..
falling-particie and cored-brick cases, the capital cost of the indirect-
fired design was approximately 50%. greater than the capital cost of the
direct-fired design.




INTRODUCTION

CONVENTIONAL TURBINE AND MHD POWER GENERATION

Magnetohydrodynamic (MHD) power conversion is a method of generating
.electricity with features similar to those of a conventional steam
tubrine driven generator. These similarifies will be.discuésed, and then
features peculiar to MHD power conversion will be discussed.

Figure 1 illustrates a very simplified‘stéam‘tu%bine driven

generator and a MHD generator. In the case of the steam turbine generator,

the thermal energy of hot combustion products (formed by the burning of

some fossil fuel) is transformed into latent energy by vaporizing water

to steam. The transformation to mechanical energy is accomplished by

expanding the steam agéinst turbine blades. Finally, the turbine shaft
rotates a conductor (the armature) in a stationary magnetic fie]d.(the
stator). As the lines of magnetic .flux.are broken, a net electromotive
force and resulting current flow is created in accordance with Faraday's
laws of induction. It should be pointed out that the working gas in the
turbine could be any hot, high pressure gas, as well as steam.

. The MHD power conversion system has a number of similarities to the

turbine generator. In the MHD case, the conductor which breaks the lines

.of magnetic force of the stationary magnetic field is a hot, electrically

.conducting fluid, usually a gas. Thus the thermal energy of the

conducting fluid is transformed directly to electrical energy. The

system consists of an expanding duct through which the hot gas flows,

. which is lined on two epposite sides with electrodes. The electrodes
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.carry the eurrent tq the external load circuit in the same fashion as
the brushes in the conventional generator.

It should be noted here that the rotational motion of the armature
in a Eonventional generator creates a alternating éurrent, whereas thé
continuous motion of the gas past the electrodes in an MHD generator
creates direct current.

- The two types of MHD systems possible are open cycle and closed’
cycle. In the closed cycle case, the conducting fluid is recycled and
regenerated through the use of heat exchangers. Examples of this type
of system are cycles involving noble gases, and liquid metals. In the
open cycle case, the conducting fluid passes through the MHD duct only
once. Since this paper is directed toward the des%gn of heat exéhangé
cbmponents for open cycled fossil-fueled MHD systems the closed cycle
system'wi11 not be discussed further.

In an open cycle MHD system, the hot gas' (combustion products of
‘some fossil fuel) is made an electrical conductor by the addition'of a
seed, such as KZO 6r K2C03. The Tow ionization pbtentia1 of the seed
-enables a free flow of electrons within thg gas. Afconducting-gas of
this type is ca]Ied a plasma. The electrical conductivity of the gas is
a relative measure of the ease in which the gas will conduct electricity.

The optimum seed concentration is about 1-5% by.weight (1,2).




COMPARISON OF EFFICIENCIES

In the type of power conversion systems discussed so far, thermo-
dynamic efficiency is optimized by maximizing the temperature of the
working gas. The presence of highly stressed moving parts in a turbine
generator becomes the 1imiting factor in the working gas temperature,
and thus in the genehator-éfficiency. As a result of this, the elec-
trical efficiencies obtained in conventional steam turbine power plants
is between 30-45%. .In the case of MHD systems, no moving or highly
stressed parts are present, and-all parts are readi]y.accessib1e to
external cooling. Thus the Timiting factor in MHD efficiency is the
temperature of the working gas itself, which can be much higher than the
maximum temperature in a turbine. It .is foreseen that working gas
.temperatures as high as 5000-6000°F are possible for MHD applications.
Efficiencies of systems émp]oying'present téchno1ogy are predicted to be
about 50%. Advanced systems are foreseen to have efficiencies as high
as 60%. As a further comparison the average efficiency of a nuclear
fission power generating facility is 32%. .Thus an advanced MHD plant
would have 1.5 times-the:efficiency of a conventional steam turbine plant,
and 1.9 times the efficiency of_a conventional nuclear plant. It should
be noted here that the advantage of an MHD system is not is high effi-
ciency alone, but its ability to convert thermal to .electrical energy
.in much higher temperafure ranges than turbine generators; As a result,

the exhaust gases from the MHD duct would be transferred to.a conven-




-5 -
.tional gas or steam turbine generating'faci]fty, or "bottoming" plant.
The total power output of the:facility.would be .about evenly.divided
_between the MHDZp1ant and the bottoming plant (1,3).

THE NEED FOR PREHEATED AIR

The working gastemperéture§ necessary for efficient MHD power
generation are well above gas temperatures accessible.by conventional
combﬁstion methods. The combustion of coal With ambient air gives a
maximum temperature of about 3000°F. However, efficient MHD power
generatibn requires a temperature of about 5000°F. Two methods are
available in achieving this temperature. The first is the use of excess
oxygen. In view of the high cost of:a facility capable of producing
the amounts of oxygen which would be necessary for a commercial scale
‘MHD installation, this method is looked upon as uneconomical with present
technology. The second method involves preheating the combustion air
before it is used to burn the coal. This method has been used
extensively in the steel industry. Conventional tube and shell heat
wexéhangers can be used to preheat airvto about 1700°F. To reach the
temperature necessary for.MHD power generation, an air preheat temper-
ature of about 3100°F is required. Thus a heat exchange system is
needed which will raise the temperature of air from 1700°F to 3100°F.

A number of systems are presently being looked at.
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DIRECT AND INDIRECT-FIRED AIR PREHEATERS

Air preheaters are of two basic types according to how they fit
into the overall MHD process - direct-fired and indirecf-fired, as shown
in Figure 2. The direct-fired air preheater utilizes the thermal energy
of the MHD exhaustlgas, which 1eaves the MHD duct at about 3300°F, to
dﬁrect]y preheat air. The indirect-fired air preheater utilizes the
thermal energy of exhaust from a sepérate]y fired clean fuel combustor
to preheat the combustion air. The direct-fired design has three basic
disadvantages. First, the MHD exhaust is laden with vaporized seed and
s]ag,'both of which are highly corrosive. Second, as the exhaust gas
transfers heat in the.air preheater, both the seed and slag condense,A
coating the internal works of the preheater. This solid residue would
have to be continuously removed, not only from an operation§ standpoint,
‘but also because the cost of the seed makes recycle imperative. Third,
the inlet pressure to the MHD duct must be ~8 atm in order that the gas
can push itself through the duct. As a result of this, the preheated
‘combugtion air must be pressurized to 8 atm. However, the outlet
pressure from the MHD dﬁct is vl ath. Thus, there will be a pressure
differential of ~6% atm. between the exhaust gas side and the air side
of the preheater. The indirect-fired air preheéter has none of. these
disadvantages. Since.the fuel is c]eaﬁ, no problems with seed and slag
:are encountered. Also, since the inlet pressufe of fhe‘combustion

products of the fuel can be arbitrarily set, the hot gas side and the
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air side of the preheater can be run at a 1:1 pressure ratio. The main
disadvantage of the indirect-fired air preheater is that, since a
separate clean fuel must be employed, N2 points iq overall cycle
efficiency will be Tost (5,8). Also the need for a clean fuel is a

disadvantage.

GENERAL AIR PREHEATER DESIGN

Since conventional low-temperature heat exchange materials and
des{gn are inadequate for high-temperature air preheater applications,
new materials and designs must be considered. Materials most Tikely
to be abTe to withstand high-temperature corrosion and thermal stress
are of the refractory type. The matgria] used for the heat-transfer
medium should have a high thermal conductivity and heat capacity for
efficient heat transfer. The three most popﬁ]ar candidates, in order
of increasing cost, are alumina (A]203), magnesia (Mg0), and zirconia
(ZrOZ). Materials of this type are employed in the design.of both the
_ heat transfer medium and the external insulation of the air preheaﬁer.

0f the many air preheater designs presently being.researched, two
will be focused upon. These are the cored-brick air preheater, and
the falling-particle air preheater. |

| The cored-brick air preheater is basically an insulated column

packed with 1oﬁgitudina11y cored refractory bricks of high heat capacity.

A cross-section of a typical cored-brick air preheater is shown in
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Figure 3. The separate brickS are of hexagonal cross-section and the

core diameter ranges from 0.25 inches to 0.75 inches (4,11). The

method of operation is as follows: the air preheater column is suitably
va]ved.at each end so that hot gas or air can alternatively be run
through the column, in countercurrent directions. Initially, the cored
bricks are heated for a specified period .of time by hot gas. Then air
is heated by running it through .the column, also for 'a specified amount
of time. A problem is that the air output is of-a cyclic nature, while
the MHD process requires a constant flow rate of combustion air. This
problem is solved.by the use of a number of cored-brick air preheaters
operating in a continuous cycle to output a-constant air flow rate and
temperature. The greatest amount of heat transfer per unit volume

(and therefore the highest air.preheat temperature) is obtained with
the smallest flow passage diameter, 0.25 inches. This presents no
problem in the indirect-fired case. However, in the direct-fired case,
c]ogéing of the flow passages by condensing seed and slag requires that

the passage diameter be on the order of 0.75 inches for effective

.operation. Thus, for a given air preheat temperature, the direct-fired

air preheater will be of considerably larger.size than the 1nd1rect§
fired air preheater. An 1mportént‘point is that thermal expansion of
refractory materials in these temperature ranges.is considerable, and
must be accounted for in the overall column design (4,5).

The falling-particle air preheater is shown by simplified schematic
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fn Figure 4. The design consists of two vertical columns, one above
the other. Small (~ 0.05 inch diameter) refractory particles fall
through the upper chamber, are held up at the interface between'the
chambers, and then fall through the Tower chamber. The particles are
then réturned to the top of the upper éhamber by a pneumatic'blower;
completing the cycle. "At the top of each chamber is a -distributor

plate which spreads the particles evenly across the chamber diameter.

. Hot gas (the heating fluid) enters the bottom of the upper chamber,

flows up the chamber countercurrent to the flow of particles, and exits
at the top of the chamber through an exhaust manifold.. As the gas

flows past the particles, thermal energy is transfefred to the particles.
In similar fashion, air enters the bottom of the lower chamber, flows
upwérd countercurrent to the particle flow, and exits through an exhaust
manifold. As the air flows past the heated particles, thermal energy

is transferred to the air. It should be noted here that the design shown

-in Figure 4 is speéific for the indirect-fired case. Since both the

upper and Tower chambers are at nearly the same pressure (~ 8 atm),

the weight of a number of feet of particles at the interface between
the chambers should offset any leakage of air or hot gas. However,
since such a large pressure differentia]lexists between the upper and
lower chambers in the direct-fired case, a complex valving mechanism of
some sort must be devised to permit continuous flow of particles from

the upper to lower chamber, and minimize air leakage. Unlike the cored-
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‘brick air preheater, the falling particle air préheater is a continuous
process, outputting a constant flow rate and temperature of combustion

air. Thus, cyclic operation and its complex valving are unnecessary.




"~ MODEL DEVELOPMENT AND DESIGN OF |
FALLING-PARTICLE -AIR 'PREHEATER

_INTRODUCTION

A theoretical model of the falling particle air breheater was
assgmb]ed on computer by W. E. Genetti. A preliminary design was then
made based on the results of the model data. This thesis deals specifi-
cally with the design of an indirect-fired falling particle air pre-
Heater. Also, a design for an indirect-fired cored-brick air preheatér
was made. The two designs are compared from both a.structural and cost
viewpoint. In addition, a cost tradeoff analysis is made for both the
falling-particle and cored-brick designs between the indirect-fired and
the direct-fired cases. Design and cost data for difect-fired air

preheaters were provided by W. E. Genetti and R. L. Mussu]mah.

PREDICTION OF MATERIAL PROPERTIES

As a prelude to model development of the air preheater, equations
were developed to predict the general properties of the materials involved
in the design for the necessary temperature and pressure ranges. The
materials include the hot exhauét gases (heating f]uids, air (heated
_ fluid), fa]]inglrefractory particles, and.insulation. ,

~ As mentioned ear]ier; a separate clean fuel is needed.io fire the
-air. preheater. fhis.fuel could be fuel o0il1, natural gas, or a fuel.

produced from the devolatilization.of coal. In view-of the cost and

'avai1ability of fuel oil ahd natural gas, a fuel produced from coal
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devolatilization was called for iﬁ the original design. Tﬁis fuel is
produced by the heating of coal to around 2006°F_1n the. absence of
air, driving off the volatile matter as a gas with a heating value of_
about 575.BTU/ft3. This process is also called carbonization.
Carbonization of 2000 1b of coal yields about 11,000 ft3 of coal gas,
plus about 1400 1b of coke. The constitutents of the coal gas and its
products of combustion are presented in Appendix A.

Equations for the following genera1'properties for air and the
hot exhaust gases were déve]oped: viscosity, thermal conductivify,
and heat capacity, all as a function of temperature, and density as
a function of temperature, and pressure. These equatioﬁs, along

with other pertinent material properties are presented in Appendix A.

GENERAL DESIGN CONSIDERATIONS

A1l preheater design work, both for this report énd for the Genetti-
Mussulman design, was done on .the basis of a 400\megawatt'(therma1) MHD
power generation faci]ity. The thermé] power rating is defined as the
power input to the MHD duct. The stoichiometry of the. MHD combustion
reaction and its related mass balances are presented in Appendix B-1. As
is evidenced by the air requirement for the combustion reaction, ‘the air
' prgheater must supply 1.279 .x 106 ibmair/hr to the combustor. As previ-

" ously mentioned, the temperature of the preheated air must:be about 3100°F.
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Since conventional shell-and-tube heat exchangers are capable of producing
air temperatures of 1700 F, this is assumed to be the air inlet .temperature
of the air preheater. With these parameters set,-the heat transfer rate

to the air in the preheater can be calculated (Appendix B-3). This was
found to be 5.155 x 108 BTU/hr. It should be noted at this point that

this design for a 400 MW heat.exchange facility calls for three air
preheater columns, tworunhingsimultaneous1y in parallel, and one spare.

Thus, for one column, the air flow rate would be 6.395 x 105

8 B1u/hr.

1b/hr and

the heat transfer rate to the air would be 2.578 x 10

" PARTICLE SIZE DISTRIBUTION

The next step in model development.was to obtain a realistic size
distribution of the alumina particles. It was'found that the tabular
alumina stock supplied by the Aluminum Company of America would have to
be classified, narrowing the particle size distribution down to usable
‘ranges. Two particle size ranges were investigated. . In either case,
the 1érgest particle diameter is 0.05 in. The wide distribution is
0.038-0.05 in. diameter, and the narrow.distributfon is-0.042-0.05 1in.
diameter. These distributions will be referred to as "blowouts", since
“any particle smaller than the included range would blow out the top of
the chamber. These two particle size distributions are listed in

Appendix C-1.
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PARTICLE TERMINAL VELOCITIES AND CHAMBER DIAMETER

Thé inside diameter of the chamber is a function of the terminal
.Qélocity of the particles. The terminal velocity of a particle is
defined as that velocity at which the falling particle .stops accelerating.
In other words,.since drag increases as ve]ocify.increases, it is the
maximum attainable velocity of the particle in a given fluid. The
terminal velocities of the smallest particles were calculated, since |
they would be the first to “blow out". The maximum gas.velocity (at
maximum temperature) was then taken to be.IOO%.of this terminal veiocity.
Thus, since the air mass flow.rate is known, the air chamber diameter
can be calculated. - These calculations are presented in Appendix C-2.
At this point, it was initially assumed that chamber heat Tosses

were zero; thus g In this manner, a gas mass flow rate was

air - qgas'
found and gas chamber diameter calculated in analogous .fashion to the
air chamber diameter, as presented in Appendix C-2. The gas mass flow
rate is 6.52 x 105‘1b/hr. The inside diameters of the gas and air
éhambers are, respéctive]y, 14.2 feet and 11.1 feet (for the 0.042 ‘inch

blowout case).

DETERMINATION OF INSULATION THICKNESS

The thickness of insulation needed to effectively insulate the
- column was now determined. Properties of the insulation used are

presented in Appendix A76. A trial-and -error solution to the insulation
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thickness was made following the procedure presented in Appendix C-3,
with the Timiting condition that the maximum outer wall temperature
should not be above ~ 250°F. The resulting wall cross-section, having

an overall thickness of 3.5 feet, is shown in Figure 5.

OVERALL HEAT LOSS TO SURROUNDINGS

With the wall cross-section known, the rate of heat loss through
the wall can now be determined. The heat transfer equation developed
in Appendix C-3 is used to find the outer.wall temperature at various
values of gas temperature. Then (q/A) loss is found at each of these
temperatures, and a curve is fit to the data. The resulting equation
is (q/A)loss as a function of Tg. These calculations are related in
Appendix C-4.
Overall air preheater heat Tosses can now be calculated. The
overall Tosses are assumed to be the sum of the heat losses in the air
and gas chambers, plus tﬁe heat loss from the particle recycle system.
The fb]]owing two assumptions must be made:
1. - The heights of the gas and air chambers are 20 feet and
30 feet, respectively.

2.‘ The heat loss from the particle récyc]e system is approximated
by the arithmetic average of the heat losses from the gas and
air chambers. - L

This procedure is outlined in Appendix C-5. With the overall heat
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FIGURE 5.
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loss known, the amount of heat transferred from the hot gas to the
particles can be determined, and a refined value for the gas exit
temperature is found to be 2330°F. The average particle temperature
between the chambers is assuméd to be the average of the bottom gas
temperature and the top air temperature, or 3300°F. .The average particle
temperature in the particle recycle system is specified- to be the average
of the top gas temperature and the bottom air temperature, or 2015°F.
This method of estimating the chamber heights to.arrive at the overall
heat Tosses 1is assumed to be rigoroug, since heat losses amount to-on1y
~ 0.2% of the total heat transfer rate.

" Now that all heat transfer rates are known, the particle mass flow

rate is calculated to be 6.54 x 105 1b/hr.

DEVELOPMENT OF MODEL.DESIGN COMPUTER PROGRAM

A computer program was developed to assist fn the preliminary
design of the air preheater. The operation of the program involves
the-sblution of three simultaneous.differential equations: an energy
balance between particles and air across a differential element of time,
a momentum balance on a falling particle, and an overall energy balance,
including heat losses, across a differential column element. These
balances are developed in Appendix C-6. Definitions of all program
variables, a program 1jsting, and a.program output are presented in

Appendix C-7. As can be seen, the program output gives a listing of
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important chamber pérameters in.increments of height, starting at the top
of the gas or air column and moving down. Based on this data and data
already presented, overall chamber dimensions can be calculated. These

are listed in Table I. .

TABLE 1. FALLING PARTICLE CHAMBER DIMENSIONS

Gas Chamber Air Chamber
Blowout (in.) .. - .038 .042 .038 .042
Inside Diameter (ft) . 15.1  14.2 11.84  11.1
Qutside Diameter (ft) 22.1 21.2 . 18.84 18.1
Chamber Height (ft) . 20.5 14.2 39.8 30.0
Gas Mass Flow Rate (1b/hr)  6.52x10° 6.52x10°  6.395x10° 6.395x10°
Max. Gas Velocity (ft/sec) 18.9  21.5 . 18.34  20.88
‘Gas Inlet Temperature (°F) . 3500 3500 1700 1700

Gas Exit Temperature (°F) 2330 2330 -, 3100 3100

MODEL DEVELOPMENT AND DESIGN.OF CORED-BRICK AIR PREHEATER

A model was developed to size an indirect-fired cored brick air

- preheating system. It is assumed that a 400 megawatt (thermal) power

generation facility would require an air.preheater system consisting of -
seven separate cored brick chambers, six on line with one spare. At

any given time, two columns would be heating air or be.being heated by
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hot gas. The model consists of an energy balance across a aifferentia]
element of chamber area, assuming tﬁe bricks to be isothermal. For the
indirect-fired case, bricks with.0.25 inch diameter holes are used.
This hole size gives the bricks a.pross-sectiona1 geometric porosity of
25%. Cpnvective heat transfer .data (17) for heat transfer- coefficients
in circular tubes is Lsed. Pressure drop, as well as volume, must be
optimized to give the best design. Model development is presented in
Appendix D. An insulation thickness of 3.5 ft is assumed. .The chamber

dimensions resulting from this model are presented .in Table II.

TABLE II. CORED BRICK CHAMBER DIMENSIONS
Hole Diameter (in.) 0.25
Overall Height (ft) 23.3
Inside Diameter (ft) 8.9
Outside Diameter (ft) 15.9
ATav - Air Flow (°F) . 155
ATav - Gas Flow (°F) 100

Préssure Drop, péi 4.43




. COST SUMMARY FOR INDIRECT-FIRED
. - AIR PREHEATERS

FALLING-PARTICLE AIR PREHEATERS

. Capital cost prediction for the indirect-fired falling-particle air
preheater is developed in Appendix E. These costs are for one unit
only. Table III gives cost data for both.one unit and for an overall

three-unit system.

TABLE III. .ESTIMATED CAPITAL COST OF INDIRECT-FIRED
FALLING-PARTICLE AIR PREHEATER

0.038 in. Blowout 0.042 in. Blowout
Unit Cost Total Cost* Unit Cost Total Cost*

Steel $2.27x10%  $6.81x10%  $1.72x10%  $5.2x10°
Insulation 1.73x10° 5.19x10° 1.33x10°  5.0x10°
Alumina Particles .12x10° .36x10° .15x10 .45x10°
Piping .3x10° .9x10° .3x10° .9x10°
Valves . 1.36x10° .41x10° .136x108  .41x10°
Instrumentation : - ,3x106 H.3x106
Structure . . 6.2x10° 4.7x10°
TOTAL 20.2x10° 17.0x10°

* Total Cost of 3 units
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CORED-BRICK AIR PREHEATERS

Capital costs for the cored-brick air preheater system are
developed in Appendix F. Again, these figures are for one unit only.
The overall cored-brick air preheater system consists of seven units.

These costs are summarized in Table IV.

TABLE IV. -ESTIMATED CAPITAL COST OF INDIRECT-FIRED
CORED-BRICK AIR PREHEATER

Unit Cost | Total Cost (7 units)

Stee] $ .216 x 10° $ 1.51 x 10°
Insulation .662 x 106 4.63 x 106
Cored Brick | .552 x 100 3.8 x 10°
Piping S ~ 1.1 x 10°
Valves .136 x 10° .95 x 10°
Instrumentation . :. .3 X 106
Stru;ture : _ ' 3.0 x 106

6

TOTAL $15.4 x 10




FUEL SOURCES FOR INDIRECT-FIRED AIR PREHEATERS

INTROBUCTION

A complete indirect-fired air preheater system will necessarily

* include a fuel source of some sort. Since the purpose of indirect-fired )
air preheater design is to get away from the disadvantages ‘of using
the seed and s]ag-1éden MHD exhaust gas as an energy source, the fuel
should be clean and burn efficiently. The three major fuels presently
under consideration are fﬁel oil, natural gas, and synthetic gas made
from partially or completely gasified coal. However, in 1ight of the
cost and scarcity of fuel oil and natural gas,lthe cost of running a
'lcommercial scale indirect-fired air preheater with these-materia15'
would be prohibitive. Thus, the possibility of coal gasification has
been concentrated upon. Two basic gasification designs aré considered,

~coal carbonization and coal gasification.

COAL CARBONIZATION

Coal carbonization involves the heating of coal in the absence of
air. At a temperature of 1800 - 2000°F, the volatile matter in the
coal is driven.off as an intermediate-BTU fuel gas, having a heating
value of approximately 550 BTU/ft3 (10). 1If this gas could be used to
fuel the air preheater, then coal would be the sole fuel source of the
overall power generation complex. The carbonization of a ton of coal.
yields approximately 11,000 £t3 of this fuel gas plus about 1400 1bm

of coke. The coke by-product would be mixed with the coal feed to
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the MHD combustor. Mass and energy balances for this system are
presented in Appendix G. .The carbonizer would be .heated by diffused

MHD exhaust gases. A simplified design of the system is shown in

'Figure 6. The.balances presented in Appendix.G reveal that, even if

pure coke were used as the sole fuel source in the MHD combustor, the
coke flow rate from the coal carbonizer would be nearly twice the
necessary coke flow rate to the MHD combustor. Thus, on this basis
alone, the use of coal carbonization to fuel the indirect-fired air

preheater appears highly infeasible. Because of this, an economic

study of coal carbonization was not pursued.

COAL GASIFICATION

" The possibi]fty of using gasified coal as the fuel source for the
indirect-fired air preheat system was investigated. The complete
gasification of coal to synthetic fuel gas of high BTU content
(~ 950 BTU/ft3 STD) involves heating the coal to. gasify the volatile
mattér, shift reacting the carbon monoxide with water to fofm hydrogen

and carbon dioxide, removal of HZS and COZ’ and finally methanation

of the resulting gaseous mixture. However, methanation of the CO-HZ

gas mixture hés yet to be commercially demonstrated. Thus the
gasficiation system will be presented here, but it should be noted that
progress is necessary before the system is technologically feasible.

Data on the system is presented in Appendix H. Figufe 7 depicts a
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.simplified coal gasifier as the fuel source for an indirect-fired air
p?eheater; Data on the possibility of partial char ?ecyc]e or other
uses for char was not available. The particular gasification process
investigated is the COz-acceptor process, as it has the lowest overall
capital cost of all processes looked at. However, it is only capable
of gasifying lignite and non-caking sub-bituminous coals. Data was
not available on the feasibility of utifiizing Montana sub-bituminous
coal in the COZ—acceptor process. As is shown in Appendix H-l,.the
coal flow rate to the gasifier would be about 47% of .the total coal
flow rate to the power generating complex. The capital cost for the
gasification system is estimated at $27.5 x 106, with an estimated

°(

annual operating cost of $4.3 x 10°(7).




OVERALL INDfRECT—FIRED AIR PREHEAT
SYSTEMS COST COMPARISON

CAPITAL COST COMPARISON

As can be seen 1in comparing Tables III and IV, the fa]]%ng—partic]e
preheater (0.042 in blowout) and the cored-brick preheater have nearly
the same capital cost, varying by.only $1.6 x 106. This is within the
limits of estimated accuracy for a.long-range economic analysis of
this type. Assuming that the capital cost of the fuel source system
will be the same for both air preheat systems, overall system capital

costs can now be estimated.

"ANNUAL COST ESTIMATION

An estimate of annual maintenance costs for the air preheater was
made. The development of these costs is presented in Appendix E-5
for the falling-particle air preheater, and in Appendix F-5 for the
cored-brick air preheater. It should be noted that these figures are
quite rough estimates, and shculd be weighed with_app?opkiate
" skepticism. Table V presents an overall capital and annual cost

comparison for the two indirect-fired air preheat systems.
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TABLE V.  COST COMPARISON OF OVERALL INDIRECT-FIRED
- CORED-BRICK AND FALLING-PARTICLE AIR PRE-
- HEAT SYSTEMS

Falling-Particle

Cored-Brick . Air Preheater

Air Preheater (0.042 in. Blowout)
Preheater Capital Cost $ 15.4 x 100 -$ 17.0 x 100
Fuel Source Capital Cost - 27.5 x 10° - 27.5 x 10°
TOTAL Capital Cost : 42.9 x 106 44,5 x 106
TOTAL Annual Cost $ 5.8x10° . § 6.4x 10

(includes fuel source)

COMMENTS
A number of important points .should be made in considering these
two overall designs: .

1) The level of technology of the cored-brick air preheater design
is much higher than that of the fé]]ing-partic]e air preheater
design. - The utility of the cored-brick design has been
demonsfrated in a number of applications, and an abundance
of design data is available. The falling particle design,
however, has not yet been demonstrated.

2) Since the falling-particle design. outputs a steady air flow
rate at a uniform temperature, operation of the MHD combustor

and duct would probably be smoother than with the cyclic




3)

4)
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operationg of the cored-brick design.
The need for constant-operatihé valves in the cored-brick
will increase annual maintenance costs as a result of valve
breakdown and attrition. With the falling-particle design,
valves will be used only.for startup, shutdown, and flow rate
control.
Particle replacement through appropriate access ports (proBab1y
in the particle recycle system) in the falling-particle
design will be a relatively effortless procedure, requiring no
equipment shutdown and dismantling. Cored-brick replacement
in the cored-brick design, however, will require column

shutdown and complete dismantling.




CAPITAL COST COMPARISON OF DIRECT AND
* _INDIRECT-FIRED AIR PREHEAT SYSTEMS

Capjta] cost data for direct-fired cored-brick and falling-
particle air. preheat systems was supplied by W. E. Genetti and R. L.
Mussulman (12). These data are compared with indirect-fired design
data in Table VI. Only the 0.042 in. blowout design of. the falling-
particle air preheater is considered. Annual cost data .for direct-

fired air preheat systems was not available.

TABLE VI.  CAPITAL COST COMPARISON OF DIRECT AND
. INDIRECT-FIRED AIR PREHEAT SYSTEMS

DIRECT-FIRED : INDIRECT-FIRED
Ovefa11 Falling-Part.- Cored-Brick - Falling-Part. -Cored4Bk1ck
Capital Cost 6 $31.3x10%°  $a4.5 x 10°  $42.9 x 10°

$30.4 x 10

I3

As can be seen, in each design case the capital cost of the direct-
fired air preheat system is about 75% of the capital cost of the

indirect-fired system.

COMMENTS

In comparing the overall designs of direct and indirect-fired air
preheat systems, the following comments can be made:
1) Tota14coa1 fuel costs for. the overall power generating

complex with the indirect-fired air preheat system will be




2)

3)
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nearly double those of the overall complex with direct-fired
air preheat. However, since the thermal energyﬂpf the MHD -

exhaust gas with indirect-fired air preheating is not used to

" preheat air, a greater percentége of the total power output of
the complex will be prdduced by the bottoming plant. 1In

- addition, a larger bottoming plant would be able to utilize

the thermal energy of the exhaust gas leaving the indirect-
fired air preheat system.’

Since the environment within the direct-fired system design

“is much more corrosive than that of the indirect-fired

system design, annual maintenance costs can be éxpected to
be substantially higher with the direct-fired system.

A few points in overa11.thefmodynamic efficiency are Tost in
the power generating complex using aﬁ indirect-fired air

preheat system.(5,8).
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APPENDIX A:  PREDICTION OF MATERIAL PROPERTIES

1. Constituents of Coal Gas, Mole % _
o, H, N, 0, CH,  Heating Value, BTU/ft>
8.6 1.5 52.5 3.5 0.3 31.4 575
2. Products of Coal Gas Combustion _
co, H,0 N,
Mole % o 8.77 21.23  70.00
Weight % ' 14.15 14.01 71.85

(Ave. Mol. Wt. = 27.28) Flame Temp. = 3665°F

Notes on prediction of exhaust gas and air properties:

a)

- b)

Viscosity and thermal. conductivity . .of gaseous mixtures-were found

at given temperatures assuming that:

=Ty .= 3y.k.
Hmix 5 Vit Kinix ?y1k1

‘where Yi = mole fraction:of component i. - Viscosities and thermal

~conductivities were calculated at a number of temperatures. The

data were then fit to the following general equations:

B _ oD
Pix T AT Kpix = CT

The heat capacity of the exhaust gas was assumed to obey the

following expression:

Cor = Wy, C + X [W c + W C 1
PE N2 PN, H20 PHZO COZ PC02




c)
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where W W, > and W are the weight fractions of nitrogen,
H,0 €0,

Nos
water vagor, and carbon dioxide, respectively. The X is a factor
introduced to account for dissociation of.HZO and CO2 in the gas- at
high temperatures. X is estimated from heat capacity data
calculated for coal combustion gases and the composition of such
gases. Since the weight fractions and heat capacities of all

gas constituents are known, the factor X can be calculated at

é number of temperatures (15).

CPE was calculated for a number of temperatures, and a curvé was
fit to the resulting data (14,15). A similar procedure was
followed by W. E. Genetti in-developing the heat capacity equation

for hot air.

The Ideal Gas Law is assumed accurate in the density equation.

Hot Exhaust Gas Properties

Temperature Range: 2000 - 4000°F

‘0 =37.4P/T T=°¢R, P=AIM, p= Ibm/ft3
k=1.234 x 207 7778 {2 op, k.= BTU/hrfteF
we=1.52x 107 T8 1oer, = 1bm/ftsec

- -6 -8.-2 .
C, = --0260 +5.100 x 107 T + 2.967 x 107°1% T = °R,

C = BTU/]bm°F
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Hot Air Properties

Temperature Range: 1500 - 3500°F .

o = 39.12 P/T T=°R, P=ATM, o= 1bm/ft3
k=24.736 x 1004 7983 T2 °R, kK = BTU/hrft°F
wo=6.07x 1077 T3 poep, = b, /ftsec

5 2

C, = -2261 + 2.8295 x 10™°T - 2.286 X 10797

T = °R, Cp = BTU/]bm°F

Alumina (Particle) Properties

Note: The alumina particle used in this design is a tabular
alumina product of the.Aluminum Company of America. It is 99.5%

pdre fused alumina. The particle diameter range is 0.036 in -

0.05 in.
_ 3
p =232 1b_/ft
m
k = 2.91 + 2.918 x 107°(7-2760)-1.5611 x 107%(1-2760)"

T =°R, _k =BTU/hrft°F

Cp = .25667 + 1.6339 x 10_5 T T = °R, Ch = BTU/1bm°F

Insulation Data

The insulation is of four basic types. This data was supplied by

- Avco-Everett Research Laboratories, Inc., Everett, Mass (5).
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Thickness k

Mfg. Type in.  BTU/hrft°F . Cost, $/ft>
(1) Norton AH-199B 3 1.79 140
(2) Norton . AN-599 4.5 . .894 120
(3) Johns-Manville  JM-3000 4.5 . 292 100
(4) Johns-Manville JM-23 4.5 . .119 80

7. MHD Coal Exhaust Gas Properties

These properties of the exhaust gas from an MHD duct were

developed by W. E. Genetti.

o = 40.946 P/T T=°R, P=ATH, o=1b/ft>
k=.000872 T2 - T=°R, k =BTU/hrft°F
W=6.084x107 T2 T=°R, q-= 1bm/%tsec

7,2

Cp = .848446 - .0004834T + 1.01106 x 10~
T = °R, Cp = BTU/]bm°F

8. Following is a graph; Figure 8, of enthalpy of MHD coal exhaust
gas vs. temperature, estimated by Avco Everett Research Laboratories

Inc.
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APPENDIX B:  GENERAL DESIGN BALANCES

Composition of Montana Sub-bituminous Coal (6)

1.
Proximate Analysis : S e Weight Percent
(as receiyed)
Moisture o 24.3
Volatile Matter : - L 28.6
Fixed Carbon - I 39.6
. Ash o - 7.5
100.0
Ultimate Analysis
(as received) _
Ash : S 7.5
Sulfur : - 0.8
Hydrogen 6.1
Carbon ' _ _ . b2.2
Nitrogen ... 0.8
Oxygen : '  32.6
100.0
‘Higher Heating Value - 8944 BTU/1b
2. Air Input to 400 M (Thermal) MHD Combustor

Heat Input = 400 x 10° Watt x 3.414 BTU = 1.3656 x 10° BTU/hr
" o1 hr watt .

» 1b

Coal Rate = 1.3656 x 10° 5 by,

. m B
BTU/hY‘ X WU = 1.527 x 10

hr
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Formula for Moisture and Ash-Free Coal:
CH g0 ogM 025 003

Combustion Reaction:

CH.80.08N.025.008 + 1.17802 + COZ + .4 H20 + .02NO +_.008$02

Assume molecular weight of coal = 14.62 (moisture and ash-free)

Air requirement for coal combustion:

1178 mole 9 mole coal I . 100 1b Air
mole coal 14.62 1b Coal mole 02 21 1b 02

= 12.28 1b Air
1b coal (moisture-ash free)

The moisture and ash-free coal rate is:

(1.527 x 10°)(.682) = 1.041 x 10° 1b/hr

Thus, the combustion air rate is:

Air Rate = 1.041 x 10° 1b coal . _12.28 1b air
hr 1b coal
-  1b air/hr

1.279 x 10

3. Heat Transfer Rate to Air in Preheater
3100°F
air f1700°F

C dT

=}
pair

%ir

6 .
1.279 x ;8 1b air X 403ig4 BTU _ 5.155 x 108 BTU/hr
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APPENDIX C:  MODEL DEVELOPMENT OF FALLING-PARTICLE AIR PREHEATER

1.  Particle Size Distribution

0.038 in. Blowout . . 0.042 in. Blowout
Diameter, in. No. Fraction » -+ .Diameter, in. No. Fraction
0.05 0.011 0.05 ©0.0182
0.046 0.128 ' : 0.046 0.1033
0.044 0.256 0.045 0.2067
0.042 0:256 : 0.044 0.1550
0.040 0.193 0.0435 0.1034
0.039 .0.105 ©0.043 - 0.1550
0.0375 0.051 0.042 0.2584

2. Terminal Velocity and Chamber Diameter.Calculation

Terminal velocity is calculated using the general equation for

spherical particles developed.in McCabe and Smith, Unit Operations

of Chemical Engineering, Second Edition, pp. 164-169:

5/7 p8/7

4 gpS ‘
= wms) . T (1)

Now, assuming that Uy = Uy for the smallest particle at the
highest temperature:
Wy = Upoh . . = (2)
A =W, /U, = D,%/4 |
A" "Rp i

1/2 :
oD, = : Wg_) / o L (3)
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_With all gas properties evaluated at the highest chamber

temperature.

Air Chamber: (properties evaluated at T = 3560°R)

0.038 in. Blowout . . 0.042 in. Blowout

UT’ ft/sec UA,ft/sec Di,ft .UT,ft/sec~ UA,ft/sec Di,ft
18.34 18.34 11.84 © . 20.88 20.88 11.1

As an initial estimate, no heat losses were assumed; thus

8

s = 2.578 x 10~ BTU/hr

Qir ~ qga
Gas Chamber:
To obtain the gas mass flow rate (wg), the following expression

was used:
3500°F

Agas = W9 Sp300°F CPg dT o (4)

The 2300°F exit temperature of the gas is also an estimate, which
will subsequently be refined.. From this calculation, ‘

Hy = 6.52 x 10° 1b/hr

Now, in analogous fashion to the air chamber diameter calculations,

-the gas'chamber diameter is calculated. (Gas properties are deve]oped-

at T = 3500°F .= 3960°R).
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0.038 in. Blowout . 0.042 in. Blowout

UT = Ug, ft/sec  Di, ft. . Up= Ug, ft/sec Di, ft.
13.30 - 15.1 - 15.14 C 14.2

| Note: Since the maximum tehperature of the.gas chamber occurs at
- the bottom of the cﬁamber, this is where thé terminal velocity
calculations were made. However, since ve1ocitie$ at the top of the
column are desired (to be analogous to the air column data), the above
velocities are a result of multiplying.the bottom terminal velocities
by the factor 2760°R/3960°R, assuming the Ideal Gas Law to hold in this

temperature range.

3. Determination of Insulation Thickness

The general equation for heat transfer between the gas in the

column and ambient air is:

/Ay = Yy (Ty - T.) - (5)

where '

Tg = gas temperature o o |

T, = ambient air temperature

U, = overall heat transfer coefficient based on outside column area

q/A, = heat flux
and

6 ) AAﬁ- *OE Rt :"7%"" . T  (6)
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h.

j inner wall convective heat transfer coefficient

outer wall convective heat transfer coefficient

h0

sza]i = sum of conductive heat transfer resistances in wall

ArlA AréAo Ar3A0 Ar4A

DI = 0O 4 + + 0 (7)
Yiann “1P1m, kohm, Kt Kghim,

Natural convection is assumed between the outer wall and air. The
~resistance to heat transfer of the steel structure on the outside 6f
the insulation is assumed small relative to the insulation resistance,
and is neglected. From Perry's (10), the correlation for the outer

convective heat transfer coefficient is:

y 1/3
H = 0.18 (T, - T.) | : (8)

for GrPr > 10°

Since Tw is unknown, T, is.needed'as a function of Tg, the Qas
temperature:
From equatioﬁ 6:
h A

0 i 0
= 1+h_ (3R -+
U, o IRy A:h:

) o . (9)

Now, since q/AO ho(Tw - T_), this can be equated to equation 5:

h,
(Tg - T.) ——~U;———-(Th - T) | (10)
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Substituting equation 9 into equation 10 gives:

A .
(Tg = T.) = (L+h 2R+ K;ﬁi’——-))(TW -T) | | (11)

" Substitubion of equation 8 into equation 11 gives:

: .. - 4/3 A,
(Tg = T) = (T, - T+ .18 (T, - T))  ("Rqp ¥ Ah: ) (12)
- or - _ '
: 4/3 o
(Tg = T) = (T, = T) + .18 (T, - T) (=R qq + —;;ﬁ;—o (13)
. Y‘ N Y\ .
1 2 r r
where . 1n(;;9 1n(;—9 n( 53 ) 1nl ro )
. ZR =r [ —1+ '._.1_+. + 3 ]
wall ) k1 k2 k3 k4

NOTE: In this design hi is assumed to be 10 BTU/hrft2°F.

4. Wall Heat Loss Determination
- Initially, TW is found for various values of Tg using equation 12
in Appendix C-3. Then (q/A)]oss is found for these values using equation-

5 in-Appendix C-3. A curve is then fit to the data, resulting in

the following equation:

(q/A)]oss = -44.9 + .0612 Tg’ Tg =°R (14)

_ 2
(on/A)]OSS = BTU/hrft

5. Overall Heat Loss Determination

Using equation 14, an average heat loss is found for each chamber:
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(a/A), = 116.3 =10, (a/A), - = 146.3 —210
air hrft™ gas hrft
Now, assuming-that Lgaé =20 ft and L, = 30 ft and DOgas =
(14.2 + 7.0) = 21.2 ft , D =-(11.1 + 7.0) = 18.1 ft
(¢ I8 :
: air |
a = (a/A), w(D )(L)
" a = (146.3)(n)(21.2)(20) = 1.95 x 105 BTU/hr
gas :
q . = (116.3)(r)(18.1)(30) = 1.98 x 10° BTU/hr
air _ o
q . =3 (3.933 x 10°) = 1.97 x 10° BTU/hr
recycle
The overall heat loss, then is:
q - = (1.95+ 1.98 + 1.97) x 10° = 5.9 x 10° BTU/hr
overall
An overall energy balance gives:
3960°R
Qair © Noss = 9as © 'wg fTo CdeT

T0 is the only unknown in this equation;
T0 = 2790°R = 2330°F

which agrees closely with the original estimate for the gas exit

(15)

(16)

temperature of 2300°F. .An energy balance between the solids and the air

in the air chamber gives:
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Adegride = 9ain T G (17)
solids air Lair | .
3760°R 3 5
W f " C_dT = (2.578 x 10° + 1.98 x 10”) BTU/hr
"s ‘2a75°R  Ps
which gives W_ = 6.54 x 10> 1b/hr
| 6. Development of Design Equations
Equations will be developed for the air column; thus Tg > TS at

any point in the column. Also, it is assumed that X (vertical position)
equals 0 at the top of each column.
1) Energy Balance Between Particles and Air acrosé Differential

Time Element:

We T -WC T |, .=-hA(T.  -T
SPs S ' oing s'pg 'S '8 s''s

) ()

where AS = total surface area of particles falling in time

element A6
: . ) ., Surface Area
A_. = (Particle Vol. in ae) ( ) .
S VoTume particie
W, mdf 6, |
= ( ho) (——P) = AB ) (19)
Ps rd 3 doPs
-+
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dT
2S5 - 6 (1 7 -~ (20)
de dppSCps g S

Note: In all design equations, the independent variable is té'be

x-vertical distance. Thus, to transform the above equation,

dT ar. . dT
n,S - S - .de . L 'S 1
x - w ) e ) (21)
dT - -
dxS ST d 62 V (Tg - Ts)
- pps Py

(This is program statement 93.00)

2)  X-Direction Momentum Balance on One Particle:

ma
z‘(itdirection forces) = —_Efli__ ' (22)
c .
mak _ mé :
o T 'd
9 9%
may, =g - Fy9;
3 6.3
p dv . '
ﬂ% s Tdo T'r6p g 9 - Fy9c ‘ (23)

{

where Fq is the drag force on the particle (9) and A, is the particle

cross-sectional area. 9
CD pg(V'*'U) AC

From (9),'Fd = 5 g




A
3 2
d 3 d o (V+U) d_2g
P i S 1 2 g m.p_°c
5 . Ps Tde g s G 7, 7 (24)
3Chp
it 5 D°g 2
e R Ty,

Again, since the independent variable x is desired,

(1} A - | " de §osuedy X 1

dx ~ de dx ~ T de V (25)
30 (V+U)2

dV & g _ D"g (26)

dx v 4dppSV (program statement 95.00)

This equation, when integrated, gives V as a function of x. It

can be integrated again to give 6 as a function of x:

el 1
" (program statement 96.00) (27)

3) Overall Energy Balance Across Differential Column Element aX:

Too i i i §
i Insul. AX y 9 Insul. T -
‘i g
————— ¥ e - == — A yiAx
= De =
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[wngg(Tg " Tref) lxrax - wngg(Tg " Tref) Iy

- (q/A)L “,(Dc + 28) Ax = -hs(Part1c1e Surface Area in Ax) (Ts:Tg)
where particle surface area in Ax = (28)
‘ Ws Ae( S.A. ) - Ws AX ( 'ﬂ'dp2 )
P Vol. ‘“particle p dx w3
s s I6 ?%L_
- BWsAX do
p Sdp dx
Thus, equation 28 becomes
e A T A
. g-Pg Ps%p

Now, so]Ving_equation 20 for (TS-Tg) and substituting this value into
equation 29:

dTg : (q/A)Lﬂ(DC+25) . wstS dTS _ (30)
dx wngg wngg dx

The first term on the right in the above equation is Tabeled XX
in program statement 104.00. The second term is labeled YY (7) in
program statement 99.00. Their sum and the resulting differential

equation are program statement 105.00.
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Definitions of Program Variables and Program Listing

(Tisted in order of appearance in program with statement number)

-

Statement No. M

-4.00 TEMPG:
5.00 - ~.  TP:
6.00,7.00 A,B:.
8.00,9.00 C,D:
10.00 F:
11.00 - P:
12.00 UG:
13.00,14.00

15.00 AB,BB,BC:
16.00 -DS:
17.00 WG:
18.00 W:
20.00-26.00 DP(M):
31.00-37.00 FR(M):
43.00 . . 10:
44,00 . VP:
45.00- AA,AG:
46.00 ﬁ

48.00 V(M):
49.00 T(M):

size iterafion'fbf_pért?t?es (M= 1-7)

gas temperature ét top of chamber,°R

. particle temperature at top of chamber,°R

constants in gas viscosity equation
constants in.gas thermal conductivity equation

constant in gas density equation

- chamber pressure, atm

gas velcoity at top of chamber, ft/sec

“constants in gas heat capacity equation

. overall chamber diameter, including insulation ft

gas mass flow rate, 1b/hr

particle mass flow rate, 1b/hr

diameter of particle 'M', ft

number fraction of total particles of size 'M'
integration order

initial particle velocity

constants in heat loss equation

velocity of particle of size 'M', ft/sec

~time, seconds '/
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.79
80.

81

82.
83.

84
85
86
88
90

91

92.
94.00-94.21

97.
98.

.00

00

.00

00

.00

00
00

.00
.00
.00
.00
.00

.00

00

00
00

TS(M):
WS(M):

TG:.
DENG:
DENS:
- VIS:

KG:

PR:
TH:
R(M):

Z:.
CD:

YZ:
S(M):
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temperature of particles of .size 'M',°R

-BTU/hrft

3
.. wD(M :
W FR(M)————é—)-pS } W'FR(MzDgM)3
i 3 WB(7
5 FrR(e) TR
M=1 :

= mass flow rate of partic]eé of size'M', Tb/hr
gas. temperature, °R R}

gas density, 1b/ft3

particle density, 232 1b/ft3

gas viscosity, 1bm/ftsec

.gas thermal conductivity, BTU/hrft°F

: - gas velocity at temperature TG, ft/sec

(Viscosity/density)(3600), £t2/hr

(gas heat capacity)(visocity)/(conductivity), dimen-
: sionless

particle thermal conductivity, BTU/hrft°F

particle Reynolds number "of particle size, 'M',

- dimensionless

particle surface convective heat transfer coefficient
2°F, from: Nu = 0.2Re'7Pv‘1/3 (Reference 13)

particle heat capacity, BTU/1bm°F

drag coefficient, dimensionless (three different

- .expressions for drag coefficient are given for three

different ranges of Reynolds number)
gas heat capacity; BTU/]bm°F

stress on particle of size 'M', psi
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99.00 YY(M): "heat transfer rate between particles of size 'M'
and gas, BTU/hr

101.00 TEMPP(7): weighted average particle temperature for all

partic]es
103.00 Q: q/A (heat loss to walls per.unit outside area),
| BTU/hrft? .
104.00 . XX: total heat loss from chamber wall, BTU/hr

NOTE: For information on general Fortran format and subroutines,

see reference (18).




1.000 . NAME L1IST

2. 000 . DIMENSIBN. TSC7)5V(72,WS(T73» R(7)5>DTSC(7), TEMPPCO0:7)>
3.000 1DVCT73> TC73> DTC7)2 DPCT735 SC73s FRCTI> YYCO: 735 WBCO:7)
4000 TEMPG=3560. ' '
4. 500 YY(0)=0. )
5. 000 TP=3760-
6. 000 A=.000000607
7. 000 B=.513
8. 000 - 0=+0004736
9. 000 D= 583
10,000 F=039.12
11.000 P=8.
12:000 UG=20. 88 .
13000 AB=.2261
14,000 BB=.000028295
15,000 BC=-.000000002286
16000 .D5=18.1 - C
17.000 " - WG=60395E5
18000 W=60 S4ES
19,000 ! REAL KG
20,000 -DP(1)=.05/12
21,000 - ‘ DP(2)=0.046/12
22.000 DP(3)=.045/712
23.000 DP(4)=.044/12
24,000 DP(5)=.0435/12
250,000 DP(6)=e043/12
26+ 000 DBR(7)=.042/12
31.000 - FR(1)=.0182
32000 FR(2)=.1033
33.000 FR(3)=.2067
340-000 FR(4)=0 1550
35,000 FR(5)=+1034
36,000 FR(6)=. 1550
37- 000 FR(7)=.2584

_920‘000 i INPUT DXsXoPl» PF.

_99-




435000
445000
45.000
464000
47+ 000
48. 000
495000
505000
514000
520 000
53+ 000
545000
555000
565000
57+ 000
584 000
59+ 000
60.000
615000
624000
632000
645000
65+ 000
664000
67+ 000
68+ 000
695000
704 000

149

900

901

902

903

Ig=2

"UP=, 1}
AA==44.9
AG=.0612

DO 149 M=1,7

VM)H)=VP

TMI=0.

TS(MI)=TP
WBC0I)=0.
VB(MI=WB(M=1)+FR(M)*%(DP(MI**3)

CANTINUE

DB 12 M=1,7

WS(M)= FR(M)*(DP(M)**3)*W/WB(7)

CONTINUE

INPUT

WRITE (108, 900) .

FORMAT('PZSITION *» 4% "TSC(1)! :7Xo TS(2)':7X:
1°TSC3) ' 7% "TSCA) :7Xo'TS(5)r) -

"WRITE €¢108,901)

-~ -

FORMATC("TS(6) > 7X> "TS(7) a7X:'TS(8) a7X: TS(9)':7X;

1*'TSC10) ' 6% "TSCIL1OY)
"WRITE 108, 902> B
FORMAT('GAS TEMP' :4X:'V(1)‘:8XJ'V(2) )8XJ'V(3)'JSXJ
1'VUC4) ', 8% 'U(CSYY™ -
"WRITE (108, 903)
FORMATC'V(6) "> BX» *V(T7)? :8XJ'V(8) :8X:'V(9) :SX:
1'UCL0) ' 7%, "VCLLDY ) -
"WRITE ¢108,904) ~
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71000
72 .000
73000
14.000
75 800
76 000
17 <000

78000
79.000
80 -000
81«00
82 .000
83 000
84 -000
85 .00
86 000
8l 000
88000
89.000
90 .08
91 .009
92 «0P0
93 -89
93100
93 «200
94 .00
94 .100
94 .200
94 «205
94 .210
94 300
95 000

9®L

995

ca6

20

59

800
98

FORRAT('STRESS(I)',35:'STRESS(2)',3X,'STRESS(3)';3X;
1'STRESS(4)' »3X»"STRESS (53" »3X,»'STRESS(6)")
WwRITE (108,905
FORMAT (*STRESS(7)' »3X," STRESS (8)' b3X,"'STRESS(9)*',3X»
1°STRESS(18)' »2X,*'STRESS(11)"* ,2X»"PRANDL NJUN')
WRITE (108,926)
FURNMAT (' MAX REY NUNM'S1X5>'NMIN REY NJIM' 51 Xs'PART TEMP® 53X
"1°'GAS VEL'5X,'MAX TIME® »4X,*NIN TIME® )
TG =TEMPG
DENG =F (P /TG ) .
DENS =232 » . ;
VIS =A%(TG **xB) ‘
BG =C * (TG **D )
U=JG*x([G /TEMNPG )
G=(A/CI*(TG**x(B=~D)J))*360Q0 »
PR=G*(AB+BB*TG +BC * (TG **2 ) )

1

© DO 13 M=1,7 ' o e

TH=2 491 #(2+91 8E ~6 )% (TS (M) =2768 « ) #*2

1 =C1e5611E=12)% (TS (M) 2760 « ) k%4
R(MI=DENG *x(U +J (M) )%DP (M) 7V IS
H=hG % ( o2k (R (I %k*k o7 IX(PR** 334 )) /DP (M)
£2=e25667 ++00001633 9%IS (M) : \
DIS(M)=ePB1 67 xH* (TG =TS (M) )/ (DENS *DP (NI *Z4U (M) ) °
IFCR(M)eLE o1 «)5G0 TO 99

IF (R(I) «GE «500 « )56 0 T O 800

CD=18+5/C(RCM)I %% 6 ) ' : '
GO TO 9& ]
Ch=24 « /RC(M) *

/

~ GO TG .98

CD=.44 ' o )
' XXX=@ °

DU (M)=32 17 /U (M) =eT5*CD*C (U (M) +J I*%2 I *DENG / (DENS * (DB (M) )

_89-




LIVEQUD D]
96 -200
97 «200
98.000
99800

100 200
101 .000
102 .000
193 000
1904 000
105 <02
1306 <000
107 200
108.000
129.000
119 .000
111000
112000
113 .838
114.000
115 .200
116 200
117 000
118.000
119.000
120 <000
121 .000
122 009

13

100

200 .

[l
)

DT (M)Y=1 o /U (M)

YZ=AB +BB*TG+3C *x (TG *%2 )

S(MI=34 «6*HXDP (M) *(TS(M)-TG)/TH

YYCM)=YY (M= D+DTS (MI*WS (MI*Z /(WG *YZ)

FTEMPP (Y )=0 - v

TEMPP (MI=LENPP (M=1)+WS (MIXTS (M) 7w

CONTINJE
Q=AA+AG ¥ (TG +TENPP(T ) ) /2«

XX =3 e 14 %A *¥DS /(WG *xYZ)

DTG =XX+YY(T7)

cALL PRNrb(PI,Pr,Nb,x,rb(l):FS(2):TS(3>;FS(4),TS(5))
CALL PRNFR(D>TS(6IsTS(T )50 e5D 23D esD )

CALL PuNIRWI,TG,V(10,V(2I5V(C325V4),U(5))
CALL PRNTRC(O>UC6)I»U(TIsDesD 5050 0)

CALL PRNTR(D>5(1)55(23,5(3)554255¢5)3,5(6))
CALL PRNTRCD>S (1 )20 ¢s5@ esD550 50 ) .
CALL PRNTRC(1>RC1)IsR (7 )JILIVPP('? dodJsTCTIHTCL)D

GO TG (1285150

CALL INTI(X,DX,10)

DO 200 bM=1,7

CALL INTC(TS (MILDTS(M)ID :

CALL INTJ(NMISDU(MI) /

CALL INTC(TC(M)LDT(M))D : ' :

C ONT INJE \

CALL INT(TG,DIG)

GO TO 20 ’

END
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!FORT4 CDJ : ' 4

BEXI'e FORTRAN IV, VERSION FOQU : )
(UPILIONS >N3

TRIN $5:L1IB.234
LINKING $
LINKING ¢LIB

*P1' ASSUCIATED.

LINKING = SYSTEM LIB ‘ -
7601 2D 052 «54D o :
7% . \
PUSITION TSC1) TS(2) TS(3) TS C4) TS(5)
TS (6) TS (7 ) TS (8) TSC9) TSC13) TSI
GAS TEMP Ul vigH U3 veay O U5
V(6) V7)) V(g) . U9y V1o Vel

STRESS (1) STRESS(2) STRESS (3) STRESS (4) STRESS(5) STRESS (6D
STRESS (7)) STRESS(8) STRES55(9) SIRESS(1@)> STRESS(11) PRANDL NJWM

MAX REY NJN MIN REY NUM PART TENMP  GAS VEL MAX TIME MIN TINME
Q0000 3760 .0 3760 .0 3760 .0 3760 .0 3760 0
37600 . 376@.0 20000 <0008 02000 00000

. 3561 0 10000 10000 ' +10008 10000 10002
10000 10020 00209 00003 «AGBR00 20000
. 655 «25 ~ 618410 608 +66. 599.16 594 .38 589.59
579.96 «0V0B0 . «BQBY0O 18.100 002002 31580104
198 .79 162 .26 . 37600 20 . 880 yujualola} 00000
1.9999 3644 .0 3602 .0 ' 358446 - 3561 44 3546 .7
3529.0 3440 .3 20009 ‘ “P0OBY , 20000 13016351010]
3329.9 " 4.3615 /31250 247525 23494 - 2.1359
1 9146 - 1.4514 351310Y] D000 312015 10] 30000
1169.7 : 930 46 852 .06 75874 783 78 - 647 «93
47909 00000 , Q0000 18.100 Q0BBY + - 00000

240 .38 177 «33 © 3549.0 19.530 24810 78819

-'09'_.




3.9998
3406 .9
3204 .8
25887

1402 5.

535 .30
259.62

5+9996
33068
3899.8
31411
1592 .1
608 .64
275 .10

7 «9995

3218.0

3033 «5
36348
1766 3
647 +92
289.21

9.9993
31363
2914 .7
40916
1935.0
76861
302 .81

3561 7
3360 .2
5 «5544

2.0975"°

1064 .6
«Q0B3Y
187 .12

3483 «6
3264 .0

Y 643494

26406
S 1180.1
00000
196 .14

3407 «7
31786
69750
+ 31298
1291 «7
30000
204 «95

3333 .5
~3099.7

T 5395

3 5840
/1402 .7
00002

T 213.78

3498 .2
Q0000
39784

Q0000

959.38
0BV
3434 .2

3404 .9

«DVB0A0
4 5980

<. 00000
1957 0

00200
3337 .1

3318.0

BBB00o
5.1231
30000
1154 .5
Y0310}
32495

3236 <0
+00BV0

" 545966
30000 -

1252.9
PO D
31640

184176

34741
00000
3 5330
20000
B39.78

181806 °

18.797

3377 «1
00000
4.1227
00000
921 .82
18.100

N
3288.3
00000
4.6334

00000

1087 «6
18.100
17 «616

3205 «3
30200
5 .80991
03000
1995 -8

18.100"

17 395

3444 .2

Q000 a :

3«06 87
3361 N6Y0
772 .96
30BA0
3.6124

3344 .6
30009
3 +6361
00000
848 .92
11410351010}

4 4581

3254.9 -

BR300

441366

33000
930 -39
00000
5.1519

3171 .9
00000
445970
00000
1014 .8
<6000
57480

3426 «6
yuyanulole)
2 +.8304
00090
TP0 38
«AAACA
l.1891

3326 .3

20020
33895
BONAA
172 «27
00300

1.5244

©.3236.9

00007
3.8862
30090
850 «96
30000
1.8242

3154 .3
00000
4.3446

. «00000
932.79 .

00003
2.1000

~

...'[9..




11.999
3059.4
2830 .7
45223
2102 .0
847 «99
316 .34

13.999

2986 +1
2750 «2

4.9332 |

2267 «4
923 .76
330 «05

15999
2915 .4
2672 «4
5.3287
2429.3
993 « 84
344 .12

17 «998
2846 «8
2596 .8
547119
2584 «5
1056 «4
358.69

3260 .7
3025 .1
7 <9885
4.0131
15129
00000
222 .77

3189.2
2953 +6

- 84303

4 .4232
1620 «4
00230
232 .01

"3118.9

2884 «5

B.8459

446183
1722.1
00020
241 .58

30496
2817 «2

9.2419

5.2014

1815 .2

20000

251 «56°

3157 «6
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APPENDIX D: MODEL DEVELOPMENT OF CORED-BRICK AIR PREHEATER

Bricks are assumed isothermal. The geometric porosity of bricks

with .25-inch diameter holes is 25%.

AIR PREHEATER WITH DIFFERENTIAL ELEMENT:

D
B S
9
R
d
0
...l
o i X + AX
L LaN . L}
i P
P.-——\ AX
7 1 A E R 2
o i X
‘ - e e
ng KB oy

k Energy Balance over Differential Element Ax:

heat input - heat output = heat transferred to/from bricks

wgcpng IX+AX i wg pngIx = Zh(prX)AT (1)

where
Px = ndoNT, NT = number of holes in cross-section
AT = (Tyiek = Tg!
Note: The factor 2 accounts for the fact that, at any given time,

gas will be flowing through two chambers.
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dT

=
wngg ——'Ld 2hP AT | (2)
WCpdT =2 AT ' 3

Defining Nu = hdo/k and integrating across the overall chamber length

gives: .
- Nuk
wngg(Tgz _ Tgl) = 2-(——33—0 PxLéT
- or (r, -T,)
L. Wedo  CPq 9 9 | (4)
Nu k 2ATPx

Equation 4 can be written in terms of known dimenionless variables:

U, pd ) W
Re = b0 where'Ub = ——~€%————
H P h
wg = gas mass flow rate
Ah = total cross-sectional area of holes
Ah = 2(%)AC for a geometric porosity of .25, for two chambersf
: 2W ,
.'. pr = —AL
C. Ac = cross-sectional area of one chamber
2W d
5. Re = —ﬁ—g—f’— (5)
c
Cp,, u . , :
Pr = ———Tfl——- (6)

Substituting equations 5 and 6 into equation 4 gives:
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RePrA (T. - T
ePr C( 0, gl)

Nu 4PX AT

Cross-sectional Area of holes

AC - Porosity
Px - Perimeter of holes
d 2
(N+ 7 07)
T—7
. & -4
NT'ndo 4]
And Sf = Stanton Number = ;-£ﬂL—-
i _ RePr
- T
. ] dO(T92 gl)
T T T | (8)

The overall chamber.length is calculated from equation 8. The chamber

diameter is calculated from equation 5:

2W d
Re = ng
wRe
A= 2wgd0 ) 1TD2
c uRe 4
L o8d L | : .
= g o ) : . '

The length and diameter of the chamber are arrived at through a trial-
and-error procedure. Reference (7) gives a graph of Re vs jH’ where

jy = St ppe/3 (10)
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This includes Reynolds numbers in both the laminar and turbulent-flow
regions. Thus, for a given Reynolds number, the Stanton number can be
found. Then L and D can be calculated, using equations 8 and 9,

respectively. It is assumed that air is flowing through the chamber:

ng = 3100°F
T = 1700°F
91
wpy = 3.3 X 107° 1b_/ftsec
Pr = ,72
Wy = 1.279 10% 1b/hr
_ 3
opy = -13 1b/ft
d0 = (.25 inches

According to the data of reference (17), a high Stanton number can be
reached in the laminar flow region (Re < 2000).' However, since diameter
- is inversely proportional to Re, the resulting design has a very large
cross-sectional area, and a small column height. Thus, . design
parameters in the turbulent region are used. In this region, a
maximum jH of 0.0038 occurs at Re = 7000.

An'average AT of 155°F is taken from established data for convective
heat transfer from cored bricks to air (5). Incorporating this data

into equatfons 8 and 9 gives:

At Re = 7000, St = .0047 from equation 10.
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-
[}

23.3 ft

o
i

8.9 ft

As a check, the chamber is sized assuming that hot gas is flowing
through the chamber. Again, established data (5) gives an average AT
between the hot gas and -the cored bricks of 100°F. The following

parameters are used:

T = 3500°F
92 3
=2 °
Tg1 300°F
wpy = 3.5 107° T /Ftsec
Pr = .72
o = .089 1bm/ft3
_ 6
My = 1.304 x 10° 1o /hr
do = (.25 1inches

Following the procedure outlined above, the following data are
developed:

L = 20.0 ft D=28.7 ft

Since the chamber dimensions calculated from air flow data are larger,.
they are considered conservative and are used .in all subsequent

calculations.
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- CHAMBER PRESSURE DROP

Pressure drop is calculated across the chamber height. The

momentum equation for flow in a circular pipe gives (16):

4r A | - - (1)
0

where Tyo the wall shear stress, can be defined in terms of the

Fanning friction factor (9) as:
u %o

T, = ‘ (12)
w ch _ ‘ .

Substituting equation 12 into equation 11:

2

- AP - 20, "of | ' >
AL . dogC
Now,>since Re = — we can write
2£,2Re?
e S : o 13)
AL - p 3 . .
o 9cP .

Or, over the overall chamber height L,

. 2, 2 | . |
op = 2MLRe” | o (14)

dy 9P
The Blasius equation (9) is used to define the Fanning friction factor

in the turbulent flow region:

"1
—4

“f = 0.079 Re (15)
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‘Thus, using equations 15 and 14 and employing the air flow data used
previously, the chamber pressure drop is:

~AP = 4.43 psi
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APPENDIX E:  COST PREDICTION FOR FALLING-PARTICLE AIRE PREHEATER

1. Insulation Costs
Unit prices for refractory insulation material are presented in
Appendix A-6. Initially, chamber volumes for each insulation type
are calculated using -
2 2 o
V=—g '(Dz - D7 )L - - (1)
See Figure 5 for column insulation cross-section and designation
of specific insulation types. Note: Hemispherical caps are
assumed at each end of the column. .Insulation costs for ends
are doubled. The.following data result:
(One Unit) 0.038 in. Blowout 0.042 in. Blowout
Insulation Body 108 x 107 7500
Volume (Ft3) Ends - 3200 2900
Total 1.4 x 10° 1.04 x 10*
TOTAL COST | | §1.73 x 10° $1.33 x 10°
2. Steé] Column Cost

To calculate the necessary steel thickness for the column, the

following relation between pressure and tensile strength is used:

| 2motL = 20l pr | . C(2)




where
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r ='co1umn inside radius

t = steel thickness

p = column internal pressure
o = steel tensile sfrength

L =

column height

Thus, it follows that

t:.....ED_,

20

(3)

where D is the column diameter (including insulation). A value

4

of 0 = 1.x 10" psi is used for steel.

caps -are assumed at each end of the column.

Note:

Again, hemispherical

Steel costs for ends

are doubled. Using equation 3 to calculate the steel thickness

gives the following data (a steel density of 490 1bm/ft3 is

assumed):

(One Unit) 0.038 in. Blowout 0.042 1in. Blowout
Steel Body 4.37 x 10° 2.93 x 10°
Weight (1b )  Ends 1.6 x 10° 1.4 x 10°

Total 5.97 x 10° 4.33 x 10°
TOTAL COST $ 2.27 x 100 $1.72 x 10°
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A]umina'Partic1e Cost

4.

In predicting the mass of particles needed to initially charge the
air preheater, it is assumed that a particle Bed approgimate]y

4 feet deep will .1ie above .the top and middle distributor plates
each, and at the chamber bottom. In addition, it is assumed thaf
the particle mass in the pneumatic fecyc]e‘system‘wi1] about
equal the mass of particles above.one distributor plate. In
predicting How much of the factory-supplied particle stock can be
used in each blowout, it is assumed that 81% of the stock can be
used to achieve a 0.038. in. blowout, and 54% of the stock can be
used to achieve a 0.042 in. blowout. Using these figures and
assuming a bed density of 135 1bm/ft3, the following particle

masses are predicted .(.a particle cost of $.25/1bm is assumed):

5

0.038 in. Blowout: M = 4.7 x 10 b

Cost = $1.2 x 10°

5

'0.042 in. Blowout: M= 6.1 x 10° 1b

m

Cost = $1.5 x 10°

These masses are of factory-delivered particle stock.

Miscellaneous Capita1'Costs

(a)

Piping - a piping cost of $1000/ft is assumed. 1In addition, it is

assumed that 300 ft of piping is necessary for each unit. This




(b)

(c)

- (d)
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gives a piping cost of $3 x 105/unit.

Valves - four valves are predicted per unit, at a cost of

$34,000/valve. This gives a valve cost.of $1.36 x 10°/unit.

Instrumentation - it is assumed that instrumentation costs will be

approximately $3 x 105 for the overall air preheat system. This
figure is used for both blowout cases, and for the cored-brick

system.

Foundations and Structure - the overall capital cost for the
foundations and structure of the unit is assumed to be 90% of

the column steel cost.

Estimation of Annual Maintenance Costs -

- The major annual cost for the air preheater is particle replacement

due to particle breakup and blowout. According to analysis done
by W. E. Genetti, the turnover time during which the total

particle bed must be replaced can be roughly estimated at.100 days.

"At a particle cost of $.15 x 106/unit, the annual particle

replacement cost for two.units is approximately $2.1 x 106.
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APPENDIX F:  COST PREDICTION FOR CORED-BRICK AIR PREHEATER

1. Insulation Costs
An insulation thickness of 3.5 feet is used for the cored-brick
columns, the same as with the falling-particle column. See
Figure 5 for insulation cross-section. Again, equation 1 in
- Appendix E-1 is used to calculate volumes for.each insulation
type.
Note: Hemispherical caps are assumed at each end of. the column,
and insulation costs for the ends are doubled.
(One Unit) . .. Insulation.Volume, £t3 Cost
Body 3168 $ 3.18 x 10°
Ends 1763 . ' "3.44 x 105
TOTAL - 8098 © $6.62 x 10°
2. Steel Column Cost

The re]ationéhip used to calculate the thickness of the steel
column for the cored-brick air preheater is the same as that used
in Appendix E-2.for the falling-particle air preheater. Kﬁowing

the column thickness, .the total mass of steel necessary for the

~ column can then be predicted.

Note: Again, hemispherical steel caps are assumed at each end of

the column. Steel costs for the ends are doubled. A steel cost




=TT - .
3

of $3/1bm is assumed. ‘pétée]'= 490’1bm/ft
(One Unit) ~ Steel Weight (b ) .. Cost
Body 3% 10% 9 x 10
“Ends 2.1 x 107 . 1.26 x 10°
’ | i 5 o
TOTAL » 51X 10 2.16 x 10

3. Cored Brick Costs

The cored-brick heat transfer material used in this analysis %s
Nortﬁn AH299. The material has 0.25 inch qored holes giving it‘a
25% geometric cross-sectional porosity. It has an-18% mater1a1
porosity and a purity of 99.5% alumina. ~The material cost is .

3

$381/bulkft”. ‘It is assumed that the column is completely

£illed with cored brick.’

2

Volume = —p— DPL 3

1450 ft

$5.52 x 10° -

Cost of Cored Brick

4, . Miscellaneous Capital Costs

(a) Piping - a piping cost of $1000/ft is assumed. "A piping length B
of 1100 feet for the overall seven-unit air preheat complex is
assumed. This giVes a total piping cost of $1.1 x 106;

. (b) ygiygg_- it is assumed that four high-thperature valves are needed

for each column. Valve cost is $34,000/valve. This giVes a




(c)

(d)-
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valve cost of $1.36 x 105/unit.

Instrumentation - as with the falling-particle air preheater

system, it is assumed that overall instrumentation costs for

the cored-brick system will be approximately $3 x 105.

Foundations and Structure - the overall capital cost for

foundation and structure for the cored-brick system is extra-
polated from cost data supplied by W. E. Genetti for a direct-
fired cored-brick air preheat system. This cost for the overall

indirect-fired system is approximately $3 x 106.

Estimation of Annual Maintenance Costs

Annual costs for the cored-brick air preheater are mostly due

to cored-brick replacement due to thermal shock and high-temperature
cdrrosion. Estimated annual. costs for a system of this capacity

are found to be $1.4 x.10°. The matrix Tifetime is estimated

at % 1.7 years. This data is presented in reference (10).
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APPENDIX G:  DESIGN DATA FOR COAL CARBONIZATION SYSTEM

1. Mass and Energy Balances

A11-flow rates are labeled on Figured 6. From reference (10),
the combustion air fate A‘ for the .intermediate - BTU fuel gas is:
A= 12.47 6 B (1)
. Also from reference‘(IO), coa1.carbonization yields the
following:

2000 1b_ Coal ~ 1400 1b_ coke + ~ 600 Tb fuel gas

"~ Thus, using the nomenclature of Figure 6,

Now, to relate A and é,-an'energy ba}ance is taken.across the
air. preheater (neglecting energy losses):
3500°F -, 3100°F

(G +A') s Cp aT=Af  Cp

2330°F exhaust 1700°F air dT : (3)

Using the heat capacity data from Appendfx A in equation 3, and
substituting in equations 1 and 2, gives:
K= .1773 A - R () B
As an initial test, it is.assumed that.the fuel flow to the
. MHD combustor is pure coke, delivered at T = 1800°F from the coal
carbonizer. From the requirement that the thermal input to the

MHD duct be 400 MA, and noting that AHcombustion = 14,000 BTU/]bm
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- and cp'= .363 BTU/]bh°F for coke,
KaH

' . ooy _ 9 |
corb + KCp (1800 F - 77 F) = 1.366 x 10 ] _(5)

4 1bm/hr. Now, from reference (10), the

which yields K = 9.34 x 10
air requirement for compustion of coke is A = 11.2k. This gives
an air flow rate of A = 1.046 x 10° 1b /hr. Substituting this
value into equation 4 gives the coke production rate necessary to

produce enough fuel gas to heat this air flow rafe:

K = (.1773)(1.046 x 10%) = 1.855 x 10° Tb_/hr (6)

As can be seen, the coke flow rate from the carbonizer is nearly

twice- the coke flow rate to the MHD combustor.
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APPENDIX H: DESIGN DATA FOR COAL.GASIFICATION SYSTEM

1..

Mass and Energy Balances

‘the MHD combustor, A = 1.279 x -10

Flow rates are labeled.on.Figure 7. From reference (7), the
conversion rate for the.COZ-acceptor gasification process is
~ 60%. Then,

G = .60 D | (1)

For the combustiqn'bf:gtﬁigﬁ_ETUfgas,:thé.éik'rafégneééssé%y fé{

—

A= 17724é (2)

Now, an energy balance across the air preheater yields (neglecting
energy losses):

3400°F . 3100°F

G+ A")S dT = A s Cp

Cp . dT -~ (3)
2330°F exhaust 1700°F 21T :

Note: a flame temperature of 3400°F is assumed for combustion of

. the gas (10). Also, the heat capacity of the combustion products

"is assumed to be close to that of the intermediate - BTU gas

presented in Appendix A-3. Since ambient coal is being used in

6 1bm/hr (see Appendix B-2).
Substituting equation 2 into equation 3 and solving for é gives:

6 = 8.053 x 107 T, /hr ' (4)

Using this value in equation 1 gives the coal input rate to the
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gasifier:

D =1.34 x 10° Tb_/hr - (5)

Since the coal flow rate to the MHD duct is 1.527 x 105 1bm/hr
(see Appendix B-2), the coal flow rate to the gasifier is "47% of

the total coal rate to the power generating complex.

. . Capital and Annual Cost Prediction

Reference (7) gives a capital cost of $103 x 106 for a CO, -
acceptor gasification system with an output of 250 x 106 scf
gas/day. Assuming a gas dénsity of .0511bm/ft3, an estimate of
the capital cost of the gasification system for the air

preheater is:

8.053 x 107 (24) ]'7

(103 x 108) [ : X .
250x108( . 051)

(g}
1]

6

$27.5 x 10

;The annual operating cost of the 250 x 106 scf/day plant is given
. as $16 x 106. Thus, following the same procedure as above, the
annual operating cost of the gasification system for the air

. preheater can be estimated as:

Annual operating cost = $4.3 x 10°
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