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PREFACE

Improving power plant efficiencies is receiving ever-increasing
attention today because of the realization that our fossii fuels
are in finite and dwindling supply. Most experts agree that coal
is plentiful enough to warrant its use on a much wider scale for
power production in ordar to provide a near-term solution to the
energy crisis. Coal gasification provides a relatively simple
(and economical) way to remove the sulfur from the coal. Moreover,
the combined-cycle concept may be used to help boost overall plant
performance. This study shows how thess two concepts may be
integrated for the production of electrical energy. Indeed, seeking
the optimal plant design results in energy conservation in its most
basgic form.

One of the key results pertains to the design constraints
provided by the federal emission standards. Without consideration
of the poilution criteria, a station efficiency of 41 percent may
be expected; this is equivalent to a station heat rate of only
8300 Btu/kwhr. With consideration of the criteria, the station
efficiency is reduced to about 37 percent or to a heat rate of
9200 Btu/kwhr. It is readily seen that meeting the poilution
criteria requires an additional 900 Btu of energy for each kilowatt-
hour of electrical energy produced.

Overalil performance may be improved substantially by increasing
the gas turbine inlet temperature from 2000 to 2400°F. A 400°F

increase in this parameter improves the station efficiency by about
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5 percentage points to nearly 42 percent or by about 1100 Btu/kwhr
to a station heat rate of only B100 Btu/kwhr, with consideration
of the pollution criteria.
Clearly vast amounts of energy may be conserved by improving
power plant performance. Although the pellution criteria take
their toll on station efficiency, the next generation of gas
turbines should make this integrated gasification and combine
cycle concept very attractive from an energy utilization viewpoint.
The research reported in this document was conducted by
F. L. Stasa as a PhD thesis fin the Mechanical Engineering Department
at Carnegie-Mellon University. J. F. Osterle was his thesis adviser.

The work was partially supported by the subject DOE Contract.

J} l.(')‘ .
X-iii



TABLE OF COMTENTS

Page
BN OWLE DGEMENT S .t i ittt eeeesneansnsnsatstastaasanesssnscrnnsavansanan vi
LIST OF FIGURES. cvvervivouscnsnsenrsosnsosonasaninsssnsaseosernennanns vii
LIST OF TABLES. . vnverrecnennraisansnsnsssscassns ttrsersesnassavaness Xi
AQSTRACT .............. R R R N N A O R R I A R N R I ] - A R om o oA bty
CHAPTER 1 - OBJECTIVES..cvvuivuncnnn Ceaiasesiaceasenirrscecusan veruas 1-1
CHAPTER 2 -~ INTRODUCTION
2.1 Combinad Cy¥Cles..cuiuuii it intiaraiiencesnsnseronnnarsanss 2-1
2.2 Coal GasiTicablion.ceieceesensrenanacanssnacacacsassosnonsnns 2-9
2.3 Combined Cycle Power Plants Integrated with Coal
Gasification SYystemS. cunireiiiinniercannosaasnnran renmanan 2-14
2.4 Background. . . iiiieireenrenaienttteraraaattertasaransaaean 2-18
CHAPTER 3 - MATHEMATICAL MODELING OF COMPONENTS
3.7 INtroduUCEiOmf.ceseeseraarecancoscsacsasaarsssssssisrasassanns 3-1
3.2 Gasifier and CombUSEOr. . iviivniinrsneroncsnnnsmunnaanaenanses 3-2
3.3 Waste Heat Boiler.iiveceeinens s et rressasEaanansennns . 3-36
3.4 Supercharged Boiler..c.ueiiiiienireriiarcainiracaarersnannes 3-43
3.5 Alr and Gas COmMPresSSOr.ievressrsrsrnrrsusssacnansssoaransss .. 3-48
3.8 COMOeNSEr ey iiieeiiorennasassstostatressnsnsnansasnnaannans 3-50
3.7 Deaerator....c.iiiiiiiiciicanrnanns N 3-52
3.8 C(losed Feedwater Heater. . ..o iiiiiiiienneenssnrsranienanse 3-55
3.9 Gas Co0Ter. .. v e tisasnsnssasrrarsannssnanssasnaveasanansanas 3-57
3.70 Gas TUrDIM@. . i viieeeretoeinoaarssvcasostosornsonsrsonnensnss 3.58
3.17 Gas-to-Gas Counterflow Heat Exchanger ....................... 3-60
3.72 Steam Generator. . cvcierercsrsnrnensessnananssanasanasanssanas 3-64
3.13 Steam Turbine......... hraeraeres Cererearrasretrenanarnatanan 3-66
3.14 Gas Cleanup System......oeiiinainsnnne v dvivesenrnaenrrenana 3-68
3.15 Throttie Valve........... A hhieesscaseseetrcerranrratanes ey 3.72
3.16 Water Pump..... crsesienan CrEesranrrreretravanra s ann 3-73
CHAPTER 4 - THE COMPUTER PROGRAM AND SUPPORTIVE CALCULATIONS
4.7 Introduction. ceeisirssevesrsarovrraccnssncscancrsonanannsns . §-1
4.2 Main Program......cceevseses Cbretetittitetienases et annnannan 4-3
4,3 Configuration Subroutines........... teeses et rererecaaurares 4-3
4,4 Component Subroutines..... ..ottt ereenas ceaes 8-6
4.5 Property SuUbDrOgrams. ...t eneriiaiiiiie ittt s resanen 4-9
4.6 Auxiliary SUBPIOGramMS. .. .ciueesrrcncacncaanunarsossesansonens 4-27
CHAPTER 5 - RESULTS
. Introduetion. . i e s cieennnrerranrsstanssasasnnsnnssonnanns 51
5,2 Specification of Parameters and Calculation of
Base Case Station Efficiencies... it iiiinnoncsranonenncen 5-2
5.3 Effect of Additional Components....ciiveiiiiininnnrrvensanans 5-12
5.4 Optimization. . sveiereiernrconsonsanravesranaereisnss cravares 5=28
B3



TABLE OF CONTENTS

{continued)
Page
CHAPTER 5 - RESULTS {continued) '
5.5 Consideration of the Gaseous Pollution Criteria..... vesress. 537
5.6 Review of Results.....vvveeveen Sttt aartvonsssasntsananns 543
5.7 Parametric StUdies..iieeiiiiiin it i eare e, 5-50
5.8 Discussion of Assumptions..... e e b s taraerrareaneran Cerennas 5-56
REFERENCES
b i<



ACKNOWLEDGEMENTS

The author is indebted to Professor J. Fletcher Osterie, who first
suggested the subject area and who gave very ffee]y of his time. The
author is also grateful to Professor Albert J. Impink, Jr. of the Nucltear
Science and Engineering Division, who with Professor Osterle provided
much of the preliminary work which was helpful in defining the problem.
The preliminary work of Dr. Aris Candris and Dr. Melvin J. Lipner is also
gratefully acknowledged.

The thesis committee is complemenied by Professor John C. Purcupile
and Dr. Edward L. Harder, with whom it has been a pleasuyre to work,

The author gratefully acknowledges the support partially provided
by the National Science Foundation through an Energy Fellowship and by
the Department of Energy under contract number EY775024196.

Finally, the author owes a debt of gratitude to his wife, who very
expertly typed this dissertation. Her support and encouragement through-
out the course of this undertaking have been instrumental in its coming

to a successful conciusion,

;3{555': I-vi



LIST OF FIGURES

Figure Description Page
2.1-1 Schematic of Simple Heat Engine 2-28
2.1-2 Schematic of Two Heat Engines Connected in

Series with Loss : 2-26
2,13 Combined Cycle Efficiency nce Versus Second

Engine Efficiency ny with First Engine
Efficiency n; as a Parameter for g = 0 and

B =1. (Refer to Eg. 2.1-7) 2-27
2.1-4 Schematic of Heat Engine with Efficiency of

25 Parcent and with 50 Percant Regeneration

Giving an Over-all Efficiency of 40 Percent 2-28
2.1-5 Simplified Schematic of Open Brayton Cycle 2-29
2.1-6 Simplified Schematic of Rankine Steam Cycle 2-29
2,1-7 Path of Gas in Waste Heat System b 2-30
2.1-8 Path of Gas in Supercharged Boiler System 2-30
2.3-1 Simplified Schematic of Adiabatic Gasifier

Integrated with Waste Heat Boiler Combined

Cycle {Configuratiaon 1) 2-31
2.3-2 Simplified Schematic of Adiabatic Gasifier

Integrated with Supercharged Boiler Combined

Cycle (Configuration 2) 2-32
2.3-3 Simplified Schematic of Endothermic Gasifier

Integrated with Waste Heat Boiler Combined

Cycle {Configuration 3} 2-33
2,.3-4 Simplified Schematic of Endothermic Gasifier

Integrated with Supercharged Boiler Combined

Cycle (Configuration 4) 234
3.3-1 Schematic of Waste Heat Boiler 3-76
3.3~2 Temperature-Heat Flow Diagram for Waste Heat

Boiler ‘ 3-77
3.4-] Schematic of Supercharged Boiler with Gas

Turbine 3-78
3.4-2 Temperature-Heat Flow Diagram for

Supercharged Boiler 3-7¢

f-vii =66 <



Figure
3.5-1

3.5-2

3.6-1
3.6-2
3.7-1
3.8-1
3.8-2

30 g-]
3,101
3.10-2

3011-1
3.11.2
3.12-1
3.12-2
3.13-1

3.13-2

3.14-1
3.1541
3.16-]

267 <

LIST OF FIGURES
(continued)

Description

Schematic of Air and Gas Compressor

Temperature-Entropy Diagram for Compression of
a Gaseous Fluid

Schematic of Condenser

Temperature-Heat Flow Diagram for Condenser
Schematic of Deaerator

Schematic of Closed Feedwater Heater

Temperature-Heat Flow Diagram for Closed
Feedwater Heater

Schematic of Gas Cooler
Schematic of Gas Turbine

Temperature-Entropy Diagram for Expansion of
a Gaseous Fluid

schematic of Counterflow Heat Exchanger
Temperature-Heat Flow Diagram Assuming
Minimum Heat Capacity Assoclated with
(a) Hotter and (b) Cooler Fluid
Schematic of Steam Generator

Temperature-Heat Flow Diagram for Steam
Generator

Schematic of Steam Turbine
Temperature-Entropy Diagram for Expansion of
(a) Superheated Steam or (b) Saturated Steam-
Water Mixture into Saturated Region
Schematic of Gas Clean-up System

Schematic of Throttle Valve

Schematic of Water Pump

X-viii

Page
3.80

3-80
3-81
3-81
3-82
3-83

3-83
3-84
3-85

3-85
3-86

3-86
3-87

3-87
3-88

3-88
3-89
3-89
3-80

Ry



LIST OF FIGURES

{continued)

Figure Description Page
3.16-2 Temperature-Entropy Diagram for Pumping

Process ' 3-90
4,.7-1 Program Hierarchy - E 4-44
4,2-1 Flow Chart of Main Program CGACC 4-45
4.3-1 Simplified Flow Chart of Configuration

Subroutines--CNFG{ 4-46
5.2-1 Tenperature-Heat Transfer Diagram for Waste

Heat Bofler (Typical Results from

Configuration 1) _ 5«60
5.2-2 Temperature-Heat Transfer Diagram for

Supercharged Boiler (Typical Results from

Configuration 2) 5-61
§.3-1 Steam Cycle Schematic with Regenerative

Feedwater Heaters 5«52
5.3-2 Schematic of Two-Stage Intercooled Air

Compressor Serving Combustor 5-63
5.3-3 Schematic of Portion of System from Steam

Generator to Combustor with Regenerator

within Gas Cleanup System : h-64
5.3-4 Schematic of Portion of System from Air

Compressor Serving Gasifier to Steam
Generator with Regenerator Included in
System (Ap§1icab1e to Configurations 1

and 2 Only 5-68
5.3-5 Schematic of Two-Stage Intercooled Air

Compressor Serving Gasifier (Applicable to

Configurations 1 and 2 Only) 566
5.5-1 Schematic of Portion of System from Stack

to Combustor Showing Flue Gas Recirculation

Train X 5-67
5.6-1 Schematic of Final Version of Configuration 1 5-68
5.6-2 Schematic of Final Version of Configuration 2 5-69

268



Figura

5.6-3
5.6-4
B.3-1

B.3-2
B.3-3

Bl 3-4

LIST OF FIGHRES
{continued)

Description

Schematic of Final Version of Configuration 3

Schematic of Final Version of Configuration 4

Definition of Nomenclature and Cycle Point
Designations for Configuration 1

Definition of Nemenclature and Cycle Point
Designations for Configuration 2

Definition of Nomenclature and Cycle Point
Designatians for Configuration 3

Definition of Nomenclature and Cycle Point
Designations for Configuration 4

X-x

Page
h-70

5-71
8-11
B-12
B-13

B-14



Table
3.2-1
3.2-2
3.2-3
3.2-4

3.2-5

3.2-6

3.2-7

4.3-1
4,41
4.5-1
4.5-2
4,6-1

4,6-2

4.6-3
4,6-4
4.6-5

4.6-6

4.6-7

LIST OF TABLES

Description
Meaning of Subscripts Applied to Coal

Meaning of Subscripts Applied to Air
Meaning of Subscripts Applied to Power Gas

Assignment of Values to the PP for the
Gasifier Model

Meaning of the Subscripts Applied to Coal
after Application of Dulong Approximation-

Meaning of Subscripts Applied to Products of
Combusticon

Assignment of Values to the 3, for the
Cambustor Model

Summary of Configuration Subroutines
Summary of Component Subroutines
Correlation between IPH and Fluid Condition
Correlation between K and Input Parameters

Molecular Weights of Species in Coal {Before
Dutong Approximation)

Molecular Weights of Spacies in Coal (After
Dulong Approximation)

Malecular Weights of Species in Air
Molecular Weights of Species in Power Gas

Molecular Weights of Species in Combustor
Product Gas

Molecular Weights of Species in the Generalized

Gaseous Mixture

Heating Values of Combustible Species in Power
Gas

Hoxi

Page
3-4
3-4
3-5

3-16
3-21

3-26
4-5
4-8
4-26
4-26

4-29

4-30
4-30
4-31

4-31
4-32

4-33

270~



Table
4.6-8
5.2-1
5.2-2
5.2-3
5.2-4

5.3-1
5.3-2

5.3-3
5,3-4
5.3-5

5.4-1
5.4-2
5.4-3

5.4-4
5.4-5
5.4-6

5.,4-7
5.4-8
5.4-9

27l

Description

LIST OF TABLES
(continued)

Heating Values of Combustible Species in Coal

Ultimate Analysis of Coal

Composition of Air

Surmary of Efficiencies for Base Cases

Summary of Miscellaneous Results for Base

Cases

Results with Feedwater Heating

Results with Intercooled Compressor Serving

the Combustor

Results with 80% Effective Regenerator within
Gas Cleanup System

Results with 80% Effective Regenerator between
Gasifier Air and Gas Streams

Results with Intercooled Compressor Serving

the Gasifier
Lonfiguration
Configuration

Configuration
to Gasifier

Configuration
Configuration

Configuration
to Gasifier

Configuration
Configuration

Configuration
to Gasifier

1 - Optimum Gasifier Temperature

1

Optimum Gas Cycle Pressure

1

Optimum Temperature of Steam

2 - Optimum Gasifier Temperature
2 - Cptimum Gas Cycle Pressure
2 - Optimum Temperature of Steam
3 - Optimum Gasifier Temperature
3 - Optimum Gas Cycie Pressure
3 - Optimum Temperature of Steam

X—=xii

Page
4-33
5-3

5-4
5-5

5-~7
5-14

5-17

5-21

5-24
5-27
5-28

5-29
5-30
5-31

531
5-33
5-34

5-34

. -"‘\E



Table
5.4-10
5.4-11
5.4-12

§.5-1
§.5-2

3

5.5

5.5-4

§5.5-5

§.5-6

5.6-1

5.6-2

§.6-3

5.6-4

$.7-1
5.7-2

5.7-3

LIST OF TABLES
{continued}

Deseription

Configuration 4 - Optimum Gasifier Temperature
Configuration 4 - Optimum Gas Cycle Pressure -

Configuration 4 - Optimum Temperature of
Steam to Gasifier

Federal Emission Limits

Abridged Results on Combustor Product Gas
Composition

Gaseous Emisssions Assuming Equilibrium at
the Combustor Exit Temperature

NO, Emission Assuming NO Producing Reaction
Freezes at 2400°F

Effect of Flue Gas Recirculation on
Configurations 1 and 3

Numerical Equivalence of Mole and Weight
fFraction of NO

Results without Regenerator in Service and
Elevated Gasifier Steam Temperaturas

Summary of Results for Final Version of Each
Configuration

Composition of Clean Fuel Gas for Final
Version of Each Configuration

Compasition of Combustor Product Gas for
Final Version aof Each Configuration

Coal Compositions for Parametric Study

Results of Parametric Study on Coal
Composition

Results of Parametric Study on the

Effectiveness of RG) with that of RG?
Held at 0.380

X~xiti

Page
5-35%
§+36

5-37
3-38

5-39
5-40
5-40
5-42
5-43
5-44
5-47
5-48

5-49
551

5-51

5-52

27



5.7-5

5.7-6

5.7-7

5.7-8

LIST OF TABLES
{continued)

Description

Results of Parametric Study on the
Effectiveness of RG2 with that of RGI
Held at 0.80

Results of Parametric Study on Pressure
Drops

Results of Parametric Study on Efficiencies
of Compressors, Pumps, and Turbines (Without
Pressure Drops)

Results of Parametric Study on Boiler Pinch
Point Temperature Diffaerences

Parametric Study on Flue Gas Recirculation at

Gas Turbine Inlet Temperature of 2400°F for
Configuration 1

X-xiv

Page

5-53

553

5-54

5-55

5-56

-



ABSTRACT

Thermodynamic modsls of both an adiabatic and an endothermic coal
gasifier integrated with either a waste heat combined cycle, or a super-
charged boiler combined cycle are developad and incorporated'into a
Fortran computer program. The adiabatic gasification process raquires
air and steam, while the endothermic gasification process requires only
steam. The former produces a low-Bty power gas, and the latter an inter-
mediate~Btu power gas. Most of the sulfur in the coal is removed after
the gasification step in the form of hydrogen sylfide. The resulting
relatively clean power gas fires the combined cycle which is composed
of an open Brayton cycle and a superheated regenerative Rankine cycle
without reheat. Certain componentis are added to each configuration in
an effort to improve thermadynamic performance, with the effect of each
¢learly noted, Each configuration is optimized with respect to certain
key operating parameters, with and without consideration of the power
plant emission standards established by the federal government through
the EPA. Total consumabla water requirements and steam cycle heat
rejection requirements are alsc noted, Cartain kay parameters, like
coal compositian, are varied and the effect an performance is noted,

From the results, it appears that a minimum number of feedwater
reaters should be used. Intercooled air compressors are not warranted.
At Teast one regenerator is crucial to the success of the two configu-
rations employing adiabatic gasifiers. Without consideration of the

pollution criteria, the waste heat configurations are suparior to the
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supercharged boiler by more than 5 percentage points on station efficiency,
with 41 percent for the former and only 36 percent for the latter. All
station efficiencies include a 10 percent penalty for station Toads. With
consideration of the criteria, the station efficiencies for each configura-
tion are within 1 percentage point of each other when flue ghs recirculation
is used as a means to control the amount of nitric axide which enters the
atmosphere. With a gas turbine inlet temperature of 2000°F and with consid-
eration of the pollution criteria, the configuraticn employing an adtabatic
gasifier and a waste heat system is marginally the best withla station
efficiency of only 37 percent, The success of power generation schemes
utilizing integrated gasification and combined cycles appears to be depen-
dent on an increased gas turbine Inlet temperature; for a 400°F increase,

the station efficiency improves by § percentage points.

A
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CHAPTER 1
0BJECTIVES

The primary objective of this dissertation is to provide a unified and
consistent thermodynamic treatment of integrated coal gasification and
combined'cycle power plants. Two coal gasification processss and two com-
bined cycle concepts will be integrated to produce four possible plant
configurations. The best configuration will be sought with respect to
thermodynamic performance which is defined qualitatively as usable enerqgy
output compared to energy input. Later it will be seer: that the station
efficiency will be used to quantitatively assess the cycle performance.

Beginning with the four basic cycle configurations, certain compo-
nents will be added in an affort to improve the performance. It will be
Instructive to take each of these potential improvements in turn and to
note the effect on each ¢onfiguration. The purpose of this is to ses
more clearly the effect of adding a particular component. We shall see
that performance is not always enhanced by adding equipment usually
associated with improving overall efficiency.

Having done this preliminary “optimization® with respect to com-
ponents, we shall then optimize each configuration in turn, trying to
seek the best configuration, In grder to see more clearly the effect
of meeting the faderal emission standards with respect to nitrogen oxides,
this optimization will be done first without consideration of the appli-
cable criterion. From the outset, however, the criterion on sul®ur
dioxide will be met since one of the primary reasons for coal gasifi-

cation in the first place is to provide a relatively easy way to remove
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most of the sulfur from the system well before the products of combustion
enter the stack. The effect on ¢ycle performance of meeting the nitrogen
oxide emission criterion via flue gas recirculation will be clearly
identified.

With each configuration optimized and designed to meet the federal
emission standards, other important results will be given. Among these
are the consumable watepr requivements and steam cycle heat rejection
requirements. For complietaness, typical compositions of the gas leaving
the gasifier and the gas leaving the combustor will also be noted.

Finally, parametric studies on some key parameters will be pre-
sented. Included in these are coal composition, regenerator effective-
ness, pressure drop and component efficiencies, boiter pinch point
temperature difference, and gas turbine inlet temperature.

The relevant results are presanted in Chapter 5 with the conclusions
and recommendations for further study in Chapter 6. It should further
be noted that, as much as js feasible, off-the-shelf equipment is to be
used, For exampie, currently available gas turbines with a peak tem-
perature‘of 2000°F are used instead of advanced technologies like air-
or water-cooled turbines. Consequently, it is kelieved that the results
to be presented later are indicative of the performance that can be
expected with the technology of today.

it should be noted that economic considerations are outside the
scope of this dissartation. This very important facet of the design
problem is necessarily outside the realm of thermodynamics, since
equipment would first have to be sized. Hopefully, this disseration

may provide the starting point for such an extension to this work. oy
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CHAPTER 2
INTRODUCTION
2.1 Combined Cycles

Before describing two primary types of combined cycles, let us motivate
the reason for considering combined cycles in the first place., Consider the
thermodynamic cycle of a simple heat engine whaose schematic is shown in
Flgure 2.1-1, Let us take Q) units of heat from a high temperature reser-
voir, let it be the heat source for a heat engine that operates in a cycle,
and extract Wiz net units of work. The second law of theérmodynamics requires
that heat be expelled from the cycle to the low temperature reserveir. Let
the amount of rejected heat be Q2. The first law of thermodynamics requires

that

Q= Wy + Q (2.1-1)

The cycie efficiency n is defined to Ee the ratio of the net work Wi to
the heat input Q, or

Dkt
-

- (2.1-2)

Now consider two such cycles in serfes, as shown in Figure 2.1-2.
We shall refer to this arrangement as a combined cycle. The heat Q1 from
the high temperature reservoir drives the first heat engine which produces
net work W),. The amount of heat rejected to the second cycle is Q;. In
this cycle, Wy3 net units of work are produced. The second cycle then
expels Q3 units of heat to the Tow temperature reservoir. To make our
discussion more general and closer to our cbservations of the real world,

let us further assume that Qz units of heat are transferred directly to
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the low temperature reservoir from the first engine; thus, QK represents a
heat loss. This is shown by the dashed line in Figure 2.1-2. The thermo-
dynamic efficiencies for the first heat engine alone, the second heat engine

alone, and for the two engines combined become respectively

W
m 7 g s (2.1-3)
W
nz - 23 N (2-]"4)
and
W., T H

Mec ?‘-lzﬁz-zi ) (2.1-5)

If g is defined to be the ratio of the heat lass Q, to the heat input to

the second cycle (Qz, we may write
Q
g = tf:" | (2.1-6)
Then using Equatfons (2.1-3) and (2.1-4) in Equation (2‘1-5). the following
expression results for the combined cycle efficiency in terms of only ny»

ny, and 8:
.y 4 [""1} " (2.1-7)
Mg ™ M +8 | 2 ‘

From the definition of 8, note that g=0 corresponds to no heat loss from
the first heat engine. If g is infinite, then no heat is transferred to
the second heat engine and the combined efficiency n.. should be equal to
ny. This Tast observation is consistent with Equation (2.1-7).

Let us examine the implications of Equation (2.1-7). Considering the

abscissa to be n, and the ordinate n... Equation {2.1-7) represents a

straight line with ny as the y-intercept and the quantity (1-ny}/(1+8) as

@ g
Fur ('u)c 2:2



the slope. Clearly, the presence of 8 in the denominator of the expression
for the slope serves to reduce Nee: The best combined cycle efficiency is
obtained when 8 is zero. When 8 is one, half of the heat "rejected® from
the first heat engine is lost and half drives the second heat engine. Let
us plot Nee VErsus np with n; as a parameter for these two values of B, as
shown in Figure 2,1-3. In this figure, the solid Tines correspond to g=0
and the dashed lines to a=].

Consider first the case of no heat Joss (8=0)}. From Figure 2.1-3 it
may be seen that Nee is always greater than both n and‘nz. For example,
if n3=0.25 and ny=0.25, than n.."0.44 which represents a significant
increase. A considerable amount of additional work, therefore, may be
obtained by connecting two cycles in series thermodynamically. Let us
now see how the presence of a heat Toss affects the combined cycle
efficiency.

Consider the case of a heat Joss from the first heat engine to the
Tow temperature reservoir such that Qp=Gz or g=1. From Figure 2.1-3 it
15 seen that for the example above now "cc'0'34’ instead of 0.44 as before.
This clearly indicates that the efficiency of a combined cycle may be
improved significantly over that of both the individual ¢ycles by reducing
the heat Joss from the first cycle. This assumes, however, that n, and
nz remain unchanged, which is unlikely. From the definition of g, it is
seen that 3 may be decreased by reducing Qz or by {ncreasing Q. Making
Qz larger with g fixed, however, necessarily lowers n;. Let us derive
an alternate expression for Mec that will prove to be more useful than
Equation (2.7-7) in explaining some of the results to be shoun later in
Chaptar §,
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An equivalent expressien for n_. is given by

=1 - A (2.1-8)
e T .
and for np by
Q g
na z 1 = u—:— (2.1‘9)

Solving Equation (2.1-8) for Q3 and substituting this result into Equation
(2.1-8) gives

Q+Q] 0 '
fee = 1 [‘T] ‘e (21-10)

As we shall soon see, a practical application for this combined cycle
concept is the gas turbine cycle combined with a steam cycle. Reducing the
heat loss Qz from the first or gas cycle will be tantamount to reducing
the heat transfer to the environment, including stack gas losses. Chang-
ing the heat input Q; to the second cycle will be equivalent to changing
the heat transfer in the boiler from the gas cycle to the steam cycle,

It can be esasily shown that the above combined cycle concept is
superior to an ordinary gas cycle with regeneration. Let us assume that
again the gas cycie efficiency {or m1 above) is 25 percent. In addition,
we conservatively assume that as much as 50 percent of the rejected heat
is used to help provide the heat input to the cycle by regeneration.

This last assumption w111 put an upper bound on the gas cycle efficiency
with regeneration, since it i{s unlikely that 50 percent of the heat
source could be provided by this method. Let us arbitrarily normalize
this brief calculation on 2 units of work. As shown in Figure 2,1-4,
this implies 8 units of heat into the cycle with 3 coming from the
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regenerated rejected heat and 5 coming from the high temperature raservoir.
Only 3 units of heat are actually rejected to the low temperatura reservoir.
Again we see that the engine by itself is only 25 percent efficient, but
the entire system taken together is 40 percent_efficient. The combined
cycle abdve was shown to have an efficiency as high as 44 percent under
consistent assumptions. Clearly, the combined cycle concept has a higher
potential to boost cverall plant performance.

In summarizing, application of the combined cycle concept could
result in a significant increase in thermodynamic efficiency. Better
overall parformance can be exﬁected for the combined cycle than for the
simpie gas turbine cycle with regeneration. Two feasible gas-steam
combined cycle concapts will now be disgussed: the waste heat system
and the supercharged boiler system.

A simpie gas turbine cycle is shown schematically in Figure 2,1-5,
Note that this is an open cycle; since the air and fuel, presumably in
a different chemical form, are eventually expelled to the atmosphere.

Air is compressed by a compressor to an elevated pressure, mixed with

fuel, and burned in the combustor. The hot product gas then expands in
the gas turbine where useful work is done by the fluid before being
expeiled to the atmosphere. This cycle is known as an open Brayton
cycle. The purpose of the cycle, of course, is to produce net work.

We shall see in Chapter 5 that this cycle by itself is not very effi-
cient, but its use in combined cycles significantly enhances the overall

cycle performance. Typical gas turbine exit temperatures are in excess
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of JOO0°F. There is enough sensible heat in this exhaust gas to generate
a significant amount of superheated steam in a steam cycle.

A simple schematic of a closed steam cycle is shown in Figure 2.1-6.
In fact, this particular cycle is known as a Rankine steam cycle. Steam
which 1s generated in the boiler from an external heat source is expanded
in a steam turbine to a very low pressure. The fluid is then condensed in
a condenser before it is pumped back into the boiler to continue the cycle.
As mentioned above, there is sufficient sensible heat in the gas turbine
exhaust to supply the heat necessary in the boiler to raise about 1000°F
superheated steam. The efficiency for this steam cycle can be quite good
when improvements to the cycle are made, such as regenerative feedwater
heating. Let us now expound on the concept of the waste heat system

It has alrsady been agreed that it is feasible to use the gas turbine
exhaust to provide the heat needed in the beiler. Because the waste heat
from the gas cycle is being used in this boiler, it is referred to as a
waste heat boiler. The resulting combined gas and steam cycle, or com-
bined cycle for shart, will be referred to as a waste heat boiler system
or even a waste heat system. As discussed in more detail in the next
chapter, the waste heat boiler is composed of three sections: the super-
heater (SH), the evaporator (EV), and the economizer (EC). Suffice it
to say now that the exhaust gas passes through the gas-side of the waste
heat boiler in the order of superheater, evaporator, and economizer and
leaves the system through the stack. In Figure 2.1-7 the path of the
gas from the combustor to the stack is summarized. Because of metallur=-

gical considerations, the gas turbine inlet temperature for land-based
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operation may not exceed 2000°F based on present technology. Because the
adiabatic flame temﬁerature of the gas is much higher than this, the gas
w{11 have to be burned with a great amount of excess air. The excess air
serves as a diluent, of course, since it will enter the combustor at a
temperature significantly balow the adiabatic flame temperathre.

A second feasible way in which the Brayton and Rankine cycles may be
incorporated into a combined cycle will now be discussed. Instead of
expanding the gas in the gas turbine before allowing it_to enter the boiler,
Tet us try to do the reverse; that is, let us try to burn the gas in the
combustor, generate steam in the boiler, and then exﬁand the gas in the
gas turbine. First it should be noted that if the economizer is before
the gas turbine, the gas turbine inlet temperature will be necessarily
too Tow to produce a significant amount of work. As a minimum, the gas
turbine will have to be located upstream of the economizer. Second it
should be noted that the highest possible turbine in1ét temperature,
2000°F, should be used to get the best cycle efficiency. 1In order to
have 2000°F gas after fhe superheater and evaporator, a gas temperature
much higher than this is needed at the inlet to the evaporator and
superheater sections of the boiler; that is, the gas should bte burned
with a2 minimum of excess air in order to obtain a gas temperature near
the adiabatic flame temperature. Finally, because of the extremely high
cambustor exhaust temperature, the evaporateor section must be placed
upstream of the superheater section with respect to the gas-side flow.
The reason for this, of course, is that the boiling in the evaporator

section results in much higher heat transfer coefficients than the
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single-phase heat transfer which occurs in the superheater. The high heat
transfer coefficients due to boiling in the evaporétor ¢can better accom-
modate the high heat flux associated with the very hot combustor exit

gas. The path of gas from the combustor to the stack is summarized in
Figure 2.1-8. :

This arrangement of gas cycle and boiler components will be referred
to as a supercharged boiler, and a combined cycle which uses this type
of boiler will be referred to as a supercharged boiler system. MNote that
the distinquishing feature between the two combined cycle concepts that
have been discussed is the path of the gas through the combined cycle
along with the resulting implications. In the waste heat system, the gas
proceeds Trom the combustor to the gas turbine follaowed by the waste heat
bailar. In the supercharged'boiier system, the gas proceeds from the com-
bustor to part of the supercharged boiler before going %o the gas turbine
and finally the econcmizer. The implications are that the gas for the
former must be burned with a large amount of excess air and that for the
latter with a minimum of excess air.

As we shall see in the nmext chapter, this difference between the two
combined cycle concepts results in two different modes of operation for the
combustor model. For the waste heat system, we shall want to specify the
turbine inlet temperature {which is the same as the combustor outlet temper-
ature) with the amount of excess air to be calculated. For the supercharged
boiler system, it will be convenient to be able to specify the amount 6F ex-

cess air to be supplied to the combustor with the combustor exit temperature
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to be caiculated. These modes are easily accommodated in our model as we
shall see in Section 3.2.
Next, coal gasification is examined as a means of providing a clean

gaseous fuel source for the two combined cycles that have Jjust been discussed.

2.2 C(oal GasiTication

‘Let us define coal gasification as a process which converts coal into a
gas which contains combustible chemical species. WNe shall ses shortly soﬁe
of the ways in which coal gasification may be accomplished, Alsc, we shail
examine how the various processes affect the heating value of the gas which
is produced, eventually limiting these alternatives to only two: adiabatic
gasification of coal with air and steam and endothermic gasification with
steam only. Let us initially Timit the discussion to pufe solid carbon (C)
instead of the more problemsome coal to establish the distinguishing features
of the various coal gasification processes, Of course, in the final analysis
the carbon will be raplaced by coal, which will significantly increase the
complexity of the analysis.

Let us try to put coal gasification into perspective by considering
first the basic combustion reaction of pure solid carbon {C) with stoichio-
metric air. For added simplicity, let us assume only nitrogen (N,} and

oxygen (0z) are present in the air. The reaction equation {s

Cla) + 02 + 3.784; + COp + 3.76N; (2.2-1)

where (4) denotes the solid phase and where it has been assumed that there
are 3.76 moles of N, per mole of 0, for the air for theses simplified calcu-
lations only. Let us now consider a hypothetical experiment in which the
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reactants enter a combustion chamber in a steady-flow process at ambient
conditions and the products leave at the same conditions. Approximately
14,100 Btu of heat per pound of carbon will be given up to the environment
during the process and the product gas will have ne heating value; that is,
the carbon dioxide (COp) is not capable of further combustiaﬁvin air. In
this somewhat simplified discussion the distinction between high and low
heating values will not be made.

Next the carbon is reacted with only half of the stoichiometric air

according to the following reaction

Cls) + 1/2 05 + 1/2{3.76)N; +~ CO + 1/2(3.76)N, (2.2-2)

Instead of forming CO,, the reaction produces carbon monoxide (c0), which
has a non-zero heating value since CO can be burned further in air to form
C0,. If the same type of experiment described above is performed, now only
3960 Btu of heat are given off per pound of carbon. However, the heating
value of the CO makes up the difference. The reaction has produced a gas,
composed of CO and the diluent Nz, which has an effective heating value of
about 110 Btu per standard cubic foot (Btu/SCF) of product gas. It is
important to remember that heat is released for this reaction. To put
this in perspective, let us compare this heating value to that of natural
gas which is approximately 1000 Btu/SCF. It is readiiy seen that the gas
which was produced has about only 10 percent of the heating value of natural
gas.

In order to eliminate the diluent N, from the product gas, the carbon

may be reacted with half a mole of pure O atcording 10
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Cla) + 172 0, » CO {2.2-3)

in which only CO is produced. Again this gives up about 3960 Bty of heat,
but the heating value of the gas {s now 310 Btu/SCF of product gas, or 30
percent of that of natural gas. However, the chief disadvantage of this
process lies 1n the fact that pure 0; is needed as a reactant. Let us now
show how just about the same heating value may be obtained without the use
of pure Q5.

Let us react the pure solid carbon with steam and, according to
the following balanced chemical equation, produce CO and H, (hydrogen)

gasec.

C{s) + Hx0(g) ~ CO + H, (2.2-4)

This reaction is endothermic, however, and hequires about 9400 Btu of heat
1f the same kind of experiment is performed. However, a gas has been
produced that has a heating value of about 290 Btu/SCF without the use

of pure 0,. It 1s fmportant to keep in mind that heat is reguired to
effect this reaction.

Let us follow the usual convention used in the litarature and refer
to a gas with a heéting value in the range of 0 to 200 Btu/SCF as a Tow-
Btu fuel gas, one in the range of 200 to 400 Btu/SCF as an intermediate-
Btu fuel gas, and one above 400 Btu/SCF as a high-Btu fuel gas. Natural
gas and synthetic natural gas, of course, are included in the last category.
Several coal gasification processes exist which produce a high-Btu gas,
These processes are considerably more complex than those described above

and require much additional equipment. Also, it makes no sense to produce

288«



a high-Btu gas to be burned and used in an electrical power generation scheme.

We shall see in Chapter 5 that very high flamz temperatures are possible
with a low- or intermediate-Btu gas. Let us restrict out attention, there-
fore, to only these two types of power gases.

It is instructive to summarize the above gasi%ication réactions. By
reacting carban with half stoichiometric air, a low-Btu fuel gas was obtained,
but heat was paoduced. By reacting carbon with pure 0y, an intermediate-Btu
fuel gas resulted with heat again being produced. By reacting carbon with
steam, an intermediate-Btu fuel gas was produced but hea% was required. Llet
us now eliminate the process which requires pure 0, from further consider-
ation on the grounds that an expensive oxygen plant would be required and
that an intermediate-Btu gas may be obtained by the endothermic reaction of
carbon with steam anyway. [t is rather easy to see that if the reaction in
Equation (2.2-2) releases heat and the reaction in Equation (2.2-4) requires
heat, then the two could be combined in such a way as to have no net heat
transfer. We shall refer to this gasification process of carbon {and later
coal) with steam and air with no net heat transfer as adiabatic gasification
for short. In Chapter 5, it will be seen that this process produces a low-
Btu fuel gas with a heating value of about 150 Btu/SCF, since the diluent
N, is present in a significant amount from the air that is used. We shall
refer to the gasification process of carbon with steam {and no air) and
with heat transfer to the process as endothermic gasification for short.

It will be seen that this process produces an intermediate-Btu fuel gas
with a heating value df about 300 Btu/SCF.

It should be noted that later when the carbon is replaced by coal,
compounds containing sulfur will be formed. Most of the sulfur fortunately
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ends up as hydrogen sulfide (H,S) and a much smaller amount as carbonyl
sulfide (COS). In the next section the implications of this are discussed.

It is appropriate at this point to state some of the advantages of
coal gasification to power an electrical power generation plant. The fact
has been established that combined cyclas have a high potent{ai to increase
overall power plant efficiency. It then followed that a gas and steam
cycle could be combined in such a way to achieve this objective. Using
natural gas or oil for this purpose may be ruled out because these spurces
are expected to be in short supply in the near future. Eecause of the
high potential for blade erosion problems in gas turbines using the products
of combustion from coal, a relatively clean fuel is needed in order that
the working fluid in the gas cycle also be relatively clean., Coal gasifi-
cation provides such a fuel because pruven technology! is already available
to clean the sulfur compounds {and particulates) out of the fual if Tow
temperature cleanup is accepted. In addition, it is more econcmicall to
clean gas at elevated pressures (which we shall do) than at Jow pressures,
and as we shall see in Chapter 5, there is a significant reduction in the
amount of gas to be cleaned if it is cleaned before any combustion takes
place. It is felt that these advantages provide enough incentive for
looking for ways to utilize our most abundant, albeit dirty, domestic
energy source. (oal gasification provides such a means.

It will be necessary, then, to operate the gasifier in two distinct
modes: adiabatic gasification of coal with air and steam and endothermic
gasification of coal with steam only. In the next section a possible
source for the heat needed for the endothermic process will be identified,

Alsg, it will be seen how these two gasification processes may be
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integrated with the two combined cycle schemes to form four different

electrical power generation plants.

2.3 Combined Cycle Power Plants Integrated with Coal Gasificatien Systems

In the last two sections, two practical combined cycles and two feasible
coal gasification processes were discussed. This suggests four different
possible cycle configurations: (1) an adiabatic gasifier integrated with a
waste heat system, (2) an adiabatic gasifier integrated with a supercharged
boiler system, (3) an endothermic gasifier integrated with a waste heat
system, and (4) an endothermic gasifier integrated with & supercharged
boiler system. Each of these basic configuration descriptions will now be
used to put together the simplest possibie cycie for each configuration.

As will be seen shortly, each configuration will require the following com-
penents: a gasifier, air compressors, a steam generator, a gas throttle
valve, a gas cooler, a combustor, a gas turbine, either a waste heat boiler
or a supercharged boiler, steam throttle valves, steam turbines, pumps, and
a condenser. In addition, a low temperaturs desulfurization process is
needed in which unwanted species from the power gas are removed. Low
temperature cleanup is used since proven technology already exists for it.
It wiil be seen later that one such system could be the Benfield process.
Let us now take each of these configurations in turn and lay out the sim-

plest possible component arrangement.

2.3.1 Adiabatic Gasifier Integrated with Waste Heat System
It should first be noted that it {s necessary to operate the gasifier

under pressure, since the power gas is to fuel the Brayton cycle. An air
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comprassor is needed in order to supply the air for the gasification process.
Since adiabatic gasification requires steam, a steam generator is required
to generate the steam under pressure with the water being supplied by a
pump. Since it will be possible to produce a very hot pawer gas, some of
the sensible heat in this gas may be used to generate the reduired steam.
This is not only feasible but also desirable, since the gas must be cooled
anyway for the low-temperature cleanup process. Obviously, high temperature
cleanup would be more efficient, but it is not yet technologically nor
economically proven. A throttle valve will be placed in the gas flow path
to make the operating pressures in the gasification and combustion systems
compatible.

Because the steam generator will rot necessarily be able to lower the
gas temperature to within the operating range of the desulfurization process
(between 200 and 260°F), a gas ccoler will be needed to accomplish this.
After the "dirty" power gas is cleaned via the desulfurization process to
a specified purity, the “clean" gas is then burned in a combustor under
pressure with the air supplied by a second air compressar. The hot com-

bustor product gas is expanded in a gas turbine. The turbine exhaust gas
then is used to supply the heat to the waste heat boller, where superheated
steam 1s generated for the Rankine cycle. The steam is expanded in a steam
turbine with the turbine exhaust being condensed in a condenser. A feed-
water pump is used to supply the feedwater to the steam-side of the waste
heat boiler which operates under pressure, of course.

This relatively simple basic arrangement and all modified versions of
it are hereinafter referred to as Configuration 1. A simplified schematic

of this configuration is shown in Figure 2.3-1. The schematic representation
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of each component will-be formally introduced in the next chapter, where
each component model is described. To avoid ambiguity on the schematic of
Configuration 1 and on the other three schematics later, each component fs
labeled explicitly. Simplified schematics for the steam generator and

waste haat boiler are used at this point.

2.3.2 Adiabatic Basifler Integrated with Supercharged Boiler System

As the description of this configuration suggests, 2 system similar
to that of Configuration 1 {s sought, but the waste heat boiler {s to be
replaced by a supercharged boiler. The portion of the system from the
gasifier to the combustor and 1ts air compressor remain unchanged. However,
the product gas from the combustor now enters the evaporator and superheater
sections of the supercharged boiler before the gas turbine. The exhaust
gas from the turbine then passes through the economizer section of the
bofler. The steam cycle is identical to that of Configuration 1 and will
not be discussed again here.

This arrangement, hereinafter referred to as Configuration 2, is shown
schematically in Figure 2.3-2. Note that again a simpl1ified representation

is used.

2.3.3 Endothermic Gasifier Integrated with Waste Heat Boiler

Recall that, for endothermic gasification, coal is gasified with steam
only. It follows that the air compressor serving the gasifier must be
removed from the systems shown thus far. In addition, a provision for heat
transfer to the gasifier must be included since endothermic gasification

{s desired. Because the gasifier could conceivably operate at high
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temperatures (presumably well abgve 1000°F), a high temperature heat source
must be used. Clearly, the combustor provides such a source, and by using
some heat transfer medium, heat can be removed in the combustor and trans-
ferred to the gasifier. The technicaTlfeasibiiity of accomplishing this in
practice will be discussed in Chapter 5. From the combustor to the stack,
the gas cycle and the steam cycle remain the same as in Configuration 1,
This basic arrangement shall hereinafter be referred tg as Configuration 3,

which 1s shown schematically in Figure 2,3-3,

¢.3.4 Endothermic Gasifier Integrated with Supercharged Boiler

Clearly for this configuration the gasification system of Cenfiguration
3 must be integrated with the combined cycle arrangement of Configuration 2.
Indeed, nothing is new at this point. This cycle arrangement represents
the final configuration and is shown schematically in Figure 2.3-4, This

basic arrangement shall hereinafter be referred to as Configuration 4.

2.3.5 Remarks

Four basic cycle configuratigns have been daveloped which incorporate
two gasification processes and two combined cycle systems. For each of
these configurations, the open Brayten cycle and Rankine steam cycle are
used. The components have been arranged in the simplest possible mannar
under the constraints of each respective configuration.

These four configurations represent the starting point from which the
cycles may be optimized and improved. Recall that one of our qoals is to

improve the performance of each cycle by setting optimum operating conditions
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and by adding components where necessary. This objective as well as the ST
others stated in Chapter 1 can only be met through very tedious calcula-
tions, since the cost of an experimental undertaking would be extremely
prohibitive. The need for a mathematical model of each configuration is
obvious. This aspect of the problem is approached by medeling each compo-
nent separately, which is done in Chapter 3. Also obvious is the need for
computer capability, since it will be necessary to calculate the performance
for many different operating conditions. The component models develaped in
Chapter 3 are used in the computer program, which is fully described in
Chapter 4. Finally, in Chapter &, an attempt will be made to improve the
basic cycle configurations shown in Figures 2.3-1 to 2.3-4 by adding

components and by specifying optimum operating conditions.

2.4 _Background ST

Much work has been done on the design of various types of coal gasifiers
and gas cleanup systems and surprisingly 1ittle on the integration of these
systems to combined cyclie power plants for the production of electrical
energy. It is instructive to summarize some of these gasification and
cleanup systems to demonstrate the large degree of flexibility in designing
an integrated system. In fact, both the gasification and cleanup systems
seem to be so flexibile that the results of this dissartation may be used
as a basis for designing new systems. For example, one of the key results
from Chapter 5 will be the cptimum gasification temperature and pressure
which fixes certain other parameters such as steam and, for the adiabatic
case, air flow. This type of result may be heipful when one actually tries

to design a coal gasifier capable of operation under conditions which are

optimum with respect to overall performance.
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It is a well-known fact today that some sort of coal gasification
technology has been in existence for almost 150 years. In the early 1830's,
Faur built a low-Btu gasifier for the production of a producer gas. In
the 1920's, there were about 11,000 gasifiers of this type mostly used by
the steel industry. Admittedly, these systems today are no Jonger feasible
because of updated environmental constraints, In the mid 1870's, an
intermediate-Btu fuel gas was made by the blue water gas process. More
than fifty years later this was followed by the Lurgi process2 which is
now being used in at Teast fourteen industrial plants®. Clearly, processes.
for the production of Tow- and intermediate-Bty gas have been in existance
for a long time.

The present state of affairs is summarized best by an ad hoc panel of
the National Research Council which was established to assess the state of
Tow=- and intermediate-Btu coal gasification technology:

. there has been a long hiatus in the use of gas producers

and in the development. of new technology for making producer

gas. Recent interest in the development of related technology

stems from the hope that it wiil provide a means for producing

a clean fuel from coal and, from the possibility of increasing

the efficiency of coal conversion if the gas 1s generated under

pressure and used in a combined cycle, helping to alleviate the

shortage of scarce fuels.

Many processes have since been devised, thus demonstrating the inherent
Flexibility in gasifying coall. The coal and gas flows may be parallel-
flow or counterflow. The gasifier may operate at atmospheric pressure or
under pressurized conditions. Air or Oxygen may be used in addition to
steam. Heat may be added to the process, eliminating the need for nure
oxygen". Tar, soot, mercaptans, phenals, thiophenes, and so forth may be

avoided by operating the gasifier at high temperatures. The ash may be

removed in dry, slag, or agglomerated form. The gasifiers are typically
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classified as fixed bed, fluidized bed, entrained flow, moiten bath, and

underground .. Obviously the last two types are not applicable to the
problem of interest and will not be discussed further.

The fixed bed gasifier designs are well developed. Coal and gas flows
are countercurrent. This typé of gasifier typically has long residence
times which allows for essentially complete carbon conversion. Operation
at elevated pressures could be problemsome because of softening, sticking,
and swelling of some bituminous coalsl. Gas exit temperatures are usually
less than 1200°F which means a large amount of tars, phenols, and so forth
are formed. Among the dry-ash pressurized processes are Lurgi?,, Gegas ™ ,

and MERCE, The present Lurgi process is capable of using air to produce

a low-Btu gas or pure oxygen to produce an intermediate~Btu gas, which may
then be used as a feed for the production of synthetic natural gas. The
Gegas process has a much lower steam-ta-air ratio than is typical of this
type of gasifier. The MERC process produces about 3% tar, indicating a
relatively Tow gasification temperature. The Wellman-Galusha3 and
Kellogg? systems use atmospheric dry-ash fixed-bed gasifiers. Among

the sTagging fixed-bed processes are the British Gas®, ERDA/GFERC®, and
Thyssen-Galaczy , the last of which gasifies coal at almost 3000°F, but
at atmospheric¢ pressure.

Fluidized-bed gasifiers?® are better suited for continuous gasification
at high feed rates!. This gasifier type is capable of using a wide-range
of coals. Again the ash can be removed in two 4ifferent forms: dry or
agglome}ated. One dry ash process, Winkler? , which has been commercial
since 19261, has a gasification temperature in the range of 1500°F to

185G°F and pressure at about atmospheric. Even at this relatively low
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temperature no tar or hydrocarbons are formed. This system uses a heat
recovery system before the gas purification stages. Sixteen industrial
plants are presently in operation. Similar to this type of gasification
system are the COp-Acceptor3, Exxon”, Synthane3, and U-Gas3 processes.
These are basically used to provide an intermedia‘e-Btu gas as a feed to
the methanation step in the production of synthetic natural gas. The C0,-
Acceptor is somewhat unique in that heat is provided for the carbon and
steam reaction by reacting the carbon dioxide with dolomite. This repre-
sents another way to get an intermediate-Bty gas without the use of pure
oxygen. QOperation is pressurized from 150 to 300 psia and gasification
takes place at 1600°F. Dolomite serves a secondary purpose also; it is
used to remove the H,S (and C0;) from the product gas. In the U-Bas process,
gasification takes place at about 350 psia and 1900°F3, Again heat recovery
takes place before the gas is cleaned. Among the agglomerating ash pro-
cesses are those by Union Carbide? and by Westinghouse2. Although the Union
Carbide system is designed for atmospheric pressure, plans for 100 psia
operation are under way, for which higher feed rates are expected. A unique
feature of this process is that heat for the carbon-steam reaction is pro-
vided by circulating hot ash. This process also has a heat recovery step
before the purification system. Raw preduct 9as leaves the gasifier at
about 1800°F. The Westinghouse process incorporates high temperature (about
1400°F) desulfurization by using Timestone or dolomite in the gasifier,
Westinghouse plans to use this process in a combined cycle pitot plant.
Finally, there are gasifier designs which are of the entrained-flow
type. Some of the advantages of this gasifier are little or no tar produc-
tion, ease of adaptability to utilization of a wide range ¢f coals, and
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high reaction rates because of the high temperatures. Again, there are both
dry-ash and slagging processes. Among the former are Bi-Gas'®, Combustion
Engineering’, and Foster-Wheelerf., The Bi-Gas process demonstrates that

the gasification process itself is fairly insensitive to pressure since pres-
sures from 500 to 1500 psia have heen successfully tested. The Combustion
Engineering process {s presently designed for atmespheric operation, but
operation at elevated pressures is contemplated, and apparently uses a heat
exchanger before the gas cleanup stage. The slagging processes include
Babcock and Wilcox?, Koppers-Totzek3, Ruhrgasl?, and Texaco®. Details

of the Babcack and Wilcox process are largely unknown. Koppers-Totzek is
presently designed for atmospheric pressure using pure 0,, but there are
plans for pressurized operation. The gas exit temperature is extremely

high (about 2750°F) and results in no tar, hydrocarbon, or phenol produc-
tion. The Ruhrgas system apparently uses dirty power gas to raise steam

for the gasification process. The Texaco gasifier is designed for operation
at 2200 to 2500°F and 300 to 1200 psial. The process uses a slurry of

coa) and water injected into the gasifier. Progress is reported on mate-
rials problems associated with coal slagl.

The gas purification systems may be divided into two broad ¢lassificar-
tions: hot cleanup and cold cleanup. Hot cleanup takes place within the
temperature range from 1000 to 2500°F and cold cleanup from 100 to 250°F,
While it is reported that hot cleanup can increase the thermal efficiency
of a combined cycle by about three percent, the technolagy is not well-
praven and is expensive. For this reason Jow-temperature cteanup is
accepted as being more viable, and hot cleanup is not discussed any

further. The Ad Hoc Panel also points out that
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Most of the heat in the hot gases after gasification can be

recovered by heat exchange so that the loss in thermal effi-

cency is minimized.!
The Panel identifies at least six cold cleanup processes which are presently
availabie or under development: (1) solid adsorbents, (2) membranes, {(3) the
Stretford process, (4) amine gas, (5) physical solvents, and (6) hot potas-
sium carbanate. Reference 1 provides an excellent summary of these processes.
Some of the characteristics of the hot potassium carbonate process, which is
available commercially as the Benfield process, will be summarized since this
type of cleanup system will be used in each configuration. Develgped in the
early 1950's, the Benfield process has been used for fourteen years. [t is
presently used on about 400 units for the removal of H,S {and CO,) frem
natural gas, ammonia synthesis gas, and hydrogen gas. The Panel points out
further

Where the purification of low- and intermediate-Btu gases

from coal is concerned, the use of the Benfield process

fits well into the usual process conditions. The gasifi-

cation pressure usually ranges from 100 to 400 psig. The

preferred method of dedusting and cleaning the gas is by

water quench, resulting in a water-saturated gas that is

at a temperature of 200 to 260°F,
In addition, the Benfield procass is compatible with a Claus plant, which
may be used to convert the H,S to elemental sulfur, At 90 to 95 percent
Hz5 removal, the cost of this process is estimated to be only $18/kw,
but at 99 percent, the cost slightly more than doubles!. We shall see
in Chapter 5 that 90 percent HpS removal is mare than sufficient to keep
the S0, effluent in the stack well below the federal limit.

The concept of a combined cycle power plant is not new. Today it is

receiving aver-increasing attention because of the growing awareness that

conventional fuels are in finite and dwindling supply. Boosting cycle
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efficiency helps to get more usable energy from the same amount of fuel.
The most comprehensive study to date {s the Energy Conversion Alternatives
Study, known as ECAS. Actually, ECAS has examined about ten coal conver-
sion power generation systems in Phase I of the study and seven in Phase
II. One of these conversion concepts 1s the combined cycle integrated
with a low=Btu gasifier. This study was essentially done in parallel by
Westinghouse and Genera)l Electric and has culminated in several volumes
of reportsi2»13,  In this work, no attampt has been made to determine
optimum conditions or plant configurations. They have both used advanced
equipment, such as air- and water-cooled gas turbines. The NASA Lewis
Research Center has evaluated these studies and has summarized its find-
ings in a lengthy reportl®.

It is difficult to compare the MWestinghouse results with those of
General Electric, since different operating conditions and plant layouts L~
were used sometimes with different assumptions. However, the Westinghouse
design appears to be 46.8 percent efficient compared to 39.6 percent for
that of General Elactric. Part of this difference is due to Westinghouse's
using hot gas cleanup while General Electric elected to use coid. In any
event, the thermodynamics of the integrated systems are obscured in many,
many details. It is not clear how the systems evolved from a basic plant
layout.

Ahnar, et al.}S have developed a design for an integrated gasification
combinad cycle plant without actually optimizing with respect to plant
performance. However, the authors do provide a relatively simple equation

which may be used to find the “first cost incentive" from some specified
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base case. As mentioned in Chapter 1, however, an economic study is outside
the scope of this dissertation.

Osteriel$ provided the basis for this dissertation by scoping the basic
gasificaticon reactions in a manner similar to that of Section 2.2. Intrigued
by the many new degrees of freedom that a coal gasifier adds to the otherwise
routine thermodynamic design process of a fossil-fueled power plant, Osterle
incorporated his early work into a power cycle and performed many of the
tedious hand calculations which were a necessary prelude to a computerized
study. To help in this effort, Impink developed a large number of gas table
property subprograms, processing codes, and the steam table processor sub-
program (see subroutine FINDER in Section 4.5.2), many of which are used in
this dissertation. Look developed the first computer model of an adishatic
model following Osterle's analytical model. Impink extended this mode) and
developed the endothermic model, in which rather crude numerical methods ware
employed. Impink also developed many of the preliminary computerized com-
ponent models, again following Osterie's analytical developemnt, Impink and
Usterle then demonstrated the feasibility of modeling integrated coal gasifi-
cation processes and combined cycle systems and introduced the initial elements
of pollutant emission calculations, Finally, 1n addition to augmenting the
gas table 1ibrary, Candris developed a preliminary flue gas recirculation
model following Osterie's derivation. Their work culminated in z reportl? to
the Pennsylvania Science and Engineering Foundation, who supported some of
their effort. Clearly, the present work is in a sense a culmination of

several years of prior effort,
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CHAPTER 3
MATHEMATICAL MODELING OF COMPONENTS

3.1 Introduction

An obvious first step in the analysis of the systems described in
Chapter 2 is the representation of each companent in a particular cycle
by a mathematical model. Because many components appear several times
within a particular cycle and because a particular component 5 used in
more than one cycle, it is advantageous to keep the models separate. e
shall find it better to model each component, where possible, as a single
entity. For example, the madeling of a two-stage intercooled compressor
is accomplished by separately modeling a single stage compressor {which
is then used twice) and an intercooler. This point will be more ohvious
in Chapter 4, where the models are cast into the form of subroutines.

It 1s important to remember that we are interested only in the
steady-state thermodynamics of the four cycles. Consequently, the
models will provide only a limited amount of information about a par-
ticular component. For example, the model for the adiabatic gasifier
provides information I1ike the air and steam flow rates and the outlet
gas composition, but does not provide information like the size of the
gasifier.

As expected, some of the models are more complex than others,

The gasifier, combustor, waste heat boiler, and superchargaed boiler
modeis are among the most complicated. Thase particular ones will be
described in considerable detail, Because the mathematical solu*ion
of the equations which renresent the gasifier model is nearly identi-
cal to that of the combustor model, both of thess are treated in
Section 3.2, with the common method of solution alsn given. In Sec-

tions 3.3 and 3.4, the waste heat boiler and tha supercharoad boiler
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models are developed, respectively. The more simple components are described

and modeled in Sections 3.6 to 3.16.

3.2 Gasifier and Combustor

3.2.1 General Comments

These madels are very similar in the sense that the same types of
equations are provided by (1) mass balances on each of the elements, (2} the
assumption of equilibrium of the various gaseous species, and (3) an energy
balance. This approach results in 16 non-linear algebraic equations to
describe the gasifier, and 21 similar equations for the combustor, Of
course, there are 16 and 21 unknowns for the gasifier and combustor, respec-
tively.

As discussed in Section 2.2, provisions must be made to operate the
gasifier in two specific modes: adiabatic gasification of coal with steam
and air and endothermic gasification of coal with steam. And, as discussed
in Section 2.1, provisions must alsoc be made to operate the combustor in
two different modes: one in which the combustor outlet temperature is
specified (the excess air is then calculated), and the other in which the
excess air is specified {the outlet temperature is then calculated). These
last two modes correspond to uses in the waste heat system and supercharged
boiler system, respectively. As discussed in the next few sections, these

pravisions on the gasifier and combustor models are easily implementad.

3.2.1.1 Gasifier Hodel
The endothermic mode for the gasifier will be shown later to be a

special case of the adiabatic mode, Therefore, the most ageneral nasifier
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model can be obtained by assuming that coal is to be reacted with air and
steam, subject to the adiabatic constraint.

The question arises, however, of how one should obtain the enthalpy
of the coal, which is needed for the energy balance. This prablem is
resolved by using the Dulong approximation for enthalpy determination
purposes which is accurate to about 3 percentl®, The Dulong approxima-
tion may be summarized as follows. The carbon given by the ultimate
analysis is assumed to be fixed carbon. Al1 the oxygen is assumed to
combine with the necessary amount of hydrogen to form water vapor with
the remaining hydrogen forming only diatomic hydrogen gas. The nitrogen
and sulfur are assumed to be in the form of their respective elemental
gaseous compounds and the moisture is taken as liquid water. (The sensible
heat associated with the ash will be accounted for by using a suitable
specific heat.)

The basic reaction for the adiabatic mode is

Coal + Air + Steam > Gas + Ash
Let us normalize the calculation by assuming a unit mass of coal, whose
ultimate analysis is given. That is, the weight fraction is given for
the following: carbon (C), hydrogen (M), oxygen (0), nitrogen (%),
sulfur (S), Tiquid water {H,0), and ash. Also let us assume that the
composition of the air by weight fraction is also specified, with pro-
visions for nitroden (4;), oxygen (0,), argon (Ar), and water vapor (H,0}.
The. steam which is required by the gasifier is assumed to be pure super-
heated water vapor (H,0). The power gas which is produced is assumed to
have the following chemical species prasent: hydregen (H,), carben

monoxide (C0), mathane {CH,), water vapor (H,0), carbon dioxide (C0,),
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nitrogen (N2), argon {Ar), hydrogen sulfide (H.S), carbonyl sulfide (C0S),
and ammonia (NH3). Finally, the ash in the coal is assumed to exit from
the gasifier at some specified temperature presumably no higher than the
gas exit temperature.

e are now in a position to write the mass balance equations. Since
we have present C, H, 0, N, S, and Ar, we expect to have six such equations.
Let wei be the weight fraction of component i in the coal, where i takes

on values from 1 to 7 as summarized in Table 3.2-1. Llet v,y be the molecular

Table 3,2-1
Meaning of Subscripts Applied to Coal
Subscript {(ci) Component in Coal
¢l c
¢2 H
c3 0 e
cd N E
c5 5
cb H20(2}
c7 Ash

weight of component { in the coal, where again i is defined according to
Table 3.2-1. Similarly, we define waqi and vy to be the weight fraction
and the molecular weight of species 1, respectively, for the air. As

shown 1n Table 3.2-2, 1 now takes on values of 1 to 4. Furthermors, Tet

Table 3.2.2
Meaning of Subscripts Aoplied to Air
Subscript {at) Species in Air
al M2
az 02
a3 Ar
ad Hz0(g)
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wWa be the mass of air required, and let Wg be the mass of steam required
each per unit mass of coal. The molecular weight of steam (or water) will
be denoted as vg. Having defined the necessary parameters associated with
the reactants, we now turn to the products. ‘

Let Ngi be the number of moles of species i formed per unit mass of

coal, where i now takes on values of 1 to 10, as defined in Table 3.2-3.

Table 3.2-3
Heaning of Subscripts Applied to Power Gas
Subscript (gi) Species in Gas

gt H2

g2 co

a3 CHy

gd H20({g}

g5 €02

gb N2

g7 Ar

g8 Had

g3 cos

gl NH3

Let Ng be the sum of the ngi from i = 1 to 10; that is,

10

Ng = ] ngi
i=1

Note then that Ng is the total number of moles of power gas produced per
unit mass of coal. The composition of the power gas by mole fraction

{¥gi) is then given by
YQ'i = NQ"/NQ.

Now based on a unit mass of coal, the number of moles of C in the

reactants is simply we,/ve, and the number of moles of £ in the products
C1/ Ve
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is given by Nhgz + ng3 + Ngs + ngs. These two expressions must be equal .
in order to satisfy the mass balance requirement on carbon and the mass
balance equation for C becomes

wey
Vcl

gz * ngz ¥ ngs * nge | {3.2-1)
The mass balance on H is slightly more complicated because hydrogan
appears in all three reactants, The number of moles of H in the coal

is wep/Vea * 2ueg/vess While the air, 2wy way/vau, and due to the reactant
steam, 29g/vg. The number of moles of H in the products is given by

2ng, + 4ngz + 2ngy + 2ngg + 3Ng1g. Again the sum of moles of H in the
reactants must equal the sum of the moles of H in the products so the

mass balance equation for H is

u 2 w

<. . 2wy 8, 2uig L

vez ves vau Vs T,

3.2- '
2ngy + 4ngz + 2ngy + 2ngg * 3ng1o (3.2-2}
Similarly for O, N, S, and Ar we get, respectively,

“s Yce waz  Gay W
4 o b Wp |2 + ]| + S =

ve3 ves vaz  vay vs
ngz + ngg + 2ng5 + ngg, (3.2-3)

“eu Yay ,

vew T Pagyy T 2gs t aws (3.2-4)

es o

ves T es T Tge (3.2-5)

_ —
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and

wai _
WaE = _ng7, (3.2*6)

Because mole fractions will appear in the equilibrium equations, it is
advantageous to work with mole fractions rather than mole numbers. There-
fore, we divide Equations (3.2-1)to(3.2-6) by Ng. However, we then solve
equation 3.2-1 for Ng, which can be used in the remaining five eguations.
Accordingly,

wey/ves

R PR TR el (3.2-7)

The five remaining equations, Egquations (3.2-2)tc(3.2-6), are changed only
in that the left-hand side of each is multiplied by the reciprocal of Ng,
with Ng given by Equation (3.2-7), and each Ngi is replaced by ygi. The

final form of the mass balance equations is as follows:

we weE way 2Wg ey

—— ot Qe+ Wy — + —— — + Ve + "
vez 2“05 2 Sau v Vel (Yg2 + ¥g3 * Ygs + Ygs)

(3.2-8)

2yg1 * Gyga * 2ygy *+ 2¥gs + ygio

“es “ee . , “a2 N “au Wsl j*¥c1
ves T ovee - "l YTt S Yoer Wer * Yen * Ves + Yao)
* Ygz * ¥gu T 2¥gs t ygs (3.2-9)
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Yey @3, Wey

;-E;— + 2wy a1 *GE—}-:- (‘YQZ + YQ3 + Ygs + ygg) = 2.‘/95 + yglﬂ

(3.2-10)

Cs Wey .
ves | Tor Yoz tYgs ¥ Ygs *¥ga)p = ugs +ygs (3.2-17)
“a3 et
a vaa "'Cl (}'gz + ygg + }‘95 + ygg) = yg7 (3-2*12)

The sixth equation, of course, is provided by the fact that the sum of

mole fractions must equal unity, or

10

I ygi =1 (3.2-13)

j=1

This completes the six equations provided by thz mass balances.

At this point, we see that there are twelve unknowns: the ten mole
fractions, the steam flow, and the air flow. Additional equations are
provided by invoking the assumption of thermodynamic equilibrium. The
validity of this assumption is established in Section 5.8.

The species assumed to be present in the power gas imply that five
independent reactions are taking place. Using {s) to denote the salid
phase and no phase designation to imply the gas phase, we may assume

the following arbitrary (but independent) reactions:
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C(a) + 2H, = CH, (3.2-13a)
C{s) + H,0 £ CO + H, (3.2-13b)
c{sy + o, ¥ 2co (3.2-13¢)
No  + 3H, T 2N, (3.2-134)
HaS + €0 > COS + Hy (3.2-13¢)

Then the equilibrium condition for each reactian can be written. For

example, for the reaction in Equation {3.2-13a), we could write
(yCqul

p GEE;ETT (3.2-14)

where again ¥i denotes the mole fraction of species i and P is the tota)
pressure in atmospheres since the equilibrium constant, Ky, is assumed
to be based on atmospheres. For a given reaction, the equilibrium
constant, which is a function of temperature only, can be obtained from
an appropriate handbook. In Equation (3.2-14),it is assumed that the
mixture behaves like an jdeal gas; otherwise, the mole fraction and
pressure products would be replaced by the fugacities. Because the
carbon is in the. solid phase, there is no "RT Zn" correction on the
Gibbs free energy for solid carbon and, therefors, Equation (3.2-14) is
valid as written. Similar equations could be written for the remaining

reactions.
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Although the equilibrium equations in the form of Equation (3.2-14)
could be used directly in the solution to our problem, it is better to
modify them to effect a more general solution strategy. One such medi-
fication would be to use the logarithmic form of the equilibrium equatiocons

For example Equation {3.2-14) would become

-E.HKP = 'E'n(yCHqP) - ZEH(_YHzP').' (3.2-14a

However, we would then need to have Kp for each reaction. Uhile this is
a trivial point for Equation (3.2-13a) since we conveniently have a
formation reaction, this is an important consideration for reactions

like that in Equation {3.2-13e}. If the equilibrium constant for this

kind of reaction is not found in any handbook, then we would have to
reconstruct it from the formation reactions. In addition, taking
equilibrium constants from many sources is undesirable, sineca there
is no gquarantee that the data would be consistent among the various
sources. We shall use an alternate approach which does not have
either of the above mentioned deficiencies and which does not depend
on the reactions chosen., For this alternate method we shall see that
we need to specify only the participating chemical species and not
the reactions.

Smith and Van Ness1® describe a method for obtaining the equilibrium
composition of a mixture of gases where several reactions are actually
proceeding. This method is really based on the fact that at equilibrium
the Gibbs free energy for the system is.a minimum, This condition,

however, is subject to the constraints provided by the mass balances.
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Since we have a minimization problem subject to constraints, the method
of Lagrange multipliers is directly applicable.

Let us briefly outline the derivation of this equilibrium conditien.
Let G{ny, Nz, -.., Np) represent the total Gibbs free energy for the
system with the mole numbers of the various species 1 represented by the

ni. Let the m mass balance equations be

fl(ni: Moy - ﬂn) = (]
folny, Npy veuy Bp) = 0
fm{ny, N2, ... mp) = 0

and since we have m constraints, then we introduce m Lagrange multi-
pliers, Xy, Az, «..s Ap- I we want to minimize G, then we may minimize
G+ ? afr since the fi are zero and we have not changed the function
to bgzéinimized. Differentiating this new function with respect

to each of the ni in turn gives n equations which must hold at the

minimum (or maximum). These equations are

6, ¢
mr t L Mgt O (i=1,2, ...y m)
k=1
Then n “equilibrium” equations and the m contraint equations (fp = 0

for £=1, 2, ..., m) are used to solve for the ni which minimize

G{ny, Nzy ..., Np). hen this method is applied to our equilibrium



probiem,the equilibrium condition becomes for gas phase reactions

&G%gi(Te) + Rlgln(ygidgiP) + E Ak@ik =0 fori=1,2, ..., N
(3.2-1%)

where the meaning of the nomenclature is as follows. We first note

that the fugacity coefficients for a solution, g1 have baen introduced,
Since we assume our gaseous mixture to behave Tike an ideal gas, all the
591 are unity. The meaning of the subscript {s unchanged from fts
previgus definition in Table 3.2-3, except that we do not write an
equilibrium equation for Ar{i=7), since argon is inert. The standard

Gibbs free enerqy of formation at temperature Ta for species i 1s
denoted by 66%91(Te). Like the equilibrium constant, Ky, this para-

meter is a function of temperature only. The Gibbs free energy of
formation is assumed to be zero for the elemental compounds; for example,
aG; = 0 for Hy, No, and so forth. R is the universal gas constant, and
Te is the absolute temperature at which the reactions are proceeding.
Of course, the product RTg must be in consistent units with the values
for the Gibbs fres energy. The argument of the natural logarithm is
essentially the fugacity, ng, of the species 1, which. because of

the ideal gas assumption, reduces to the product of the mole fraction
and system pressure in atmospheres, or the partial pressure in
atmospheres, The A 's are the Lagrange multipliers. One Lagrange
multiplier should be introduced for sach conétraint nrovided by the
mass balances., So one might expect to have six Lagrange multipliers

for the adiabatic gasifier; that is gy Ays Ags AN Ag» and App.
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However, as already mentioned, argon is inert and so App is meaningless.
We shall show later that taking ag to be zero is consistent with Equation
(3.2-14}. From the definition of the A we see that the subscript k
is associated with a particular elemental atom present in the system.
The ajk represent the number of atoms of element k per molecule of
species 1, Table 3.2-4 gives this matrix for the gasifier model.

Table 3.2-4

Assignment of Values to the ajy
for the Gasifier Maodel

Element 1K)

Species| i c(1) Hiz) 0(3) Nid) S{5)
Hz 1 0 2 0 0 0
Co 2 1 0 1 0 0
CHu 3 1 4 0 a 0
H20 4 0 2 1 Q 0
€02 5 1 0 2 0 Q
Nz 6 0 0 0 2 G
Ar 7 0 0 0 0 g
HzS 8 0 2 0 0 T
€0s 9 1 0 1 0 1
NH3 | 10 0 3 0 | 0

how Equation 3.2-15 can be readily applied to each of the reacting
species assumed to be present in the gasifier. For generality, the
fugacity coefficients, 441, will be kept in the equations with the
understanding that each will be taken to have a value of unity. Also,
it is advantageous to divide the equilibrium equations by RTe. The
reason for doing this will be explained in Subsection 3.2.2. The
equilibrium equations become

-

,9G;H(Te)/RTe + En(ygl¢glpg) * 23,/RT, = 0 (3.2-18)

¥
0

2
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+

862 (T )/RT, £n(yg2¢ 2Pg} + Ag/RT, =0 (3.2-17)

.Coe g
asgcﬁze)/RTe + zn(yg3$gspg) + 4r/RT = 0 (3.2-18)
6% (Te)/RT + Zalyg 3g,Pg) + 2R, 4 ag/RT =0 (3.2419)
aegcéze)/are + £n(ygs$gng) + 230/RT, = 0 (3.2-20)
,9G§;§Te)/RTe + £n(yg5$gﬁpg) + 2y /RT = 0 {3.2-21)
0&
AGFHige)/RTe + zn(ygaégapg) + 2/RT_ 4 A /RT, = 0 (3.2-22)
aﬁgcégeJ;RTe + £n{ygg$ggpg) + Ag/RT, + Ag/RT = 0 (3.2-23)
as;ﬂéze)/RTe + zn{ygloéglﬂpg) * 3N /RT 4 Ay/RT, = 0 (3.2-24)

The total number of equations for the adiabatic gasifier model is
now fifteen, but we have introduced four more unknowns , namely Ay Ago
AN’ and Ags making the total number of vnknowns sixteen. The gnergy
equation provides us with the sixteenth equation.

Before we consider the energy equation, let us first show that our
taking Ac to be zero is consistent with the quilibrium condition expressad
by Equation (3.2-14), Multiplying Equation {3.2-18) by 2 and subtracting

the resulting equation from Equation (3.2-18) aives (taking 8gi=1):

o
&Gf/RTe + £H(yCHqP) - 2&6,F

/RT_ - 28a(y, P) = 0O
CHy, e Hz

Hz
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