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Preface

Gas Turbine Engineering Handbook discusses the design, fabrication, installa-
tion, operation, and maintenance of gas turbines. The second edition is not only
an updating of the technology in gas turbines, which has seen a great leap
forward in the 1990s, but also a rewriting of various sections to better answer
today’s problems in the design, fabrication, installation, operation, and main-
tenance of gas turbines. The new advanced gas turbines have firing tempera-
tures of 2600 °F (1427°C), and pressure ratio’s exceeding 40:1 in aircraft gas
turbines, and over 30:1 in industrial turbines. Advances in materials, and coat-
ings have spurred this technology, and the new edition has treated this new area
in great detail. The emphasis on low NO, emissions from gas turbines has led to
the development of a new breed of dry low NO, combustors, which are dealt in
depth in this new edition. The second edition deals with an upgrade of most of
the applicable codes both in the area of performance and mechanical standards.

The book has been written to provide an overall view for the experienced
engineer working in a specialized aspect of the subject and for the young
engineering graduate or undergraduate student who is being exposed to the
turbomachinery field for the first time. The book will be very useful as a
textbook for undergraduate turbomachinery courses as well as for in-house
company training programs related to the petrochemical, power generation,
and offshore industries.

The use of gas turbines in the petrochemical, power generation, and off-
shore industries has mushroomed in the past few years. In the past 10 years,
the power industry has embraced the Combined Cycle Power Plants and the
new high efficiency gas turbines are at the center of this growth segment of
the industry. This has also led to the rewriting of chapters 1 and 2. It is to
these users and manufacturers of gas turbines that this book is directed. The
book will give the manufacturer a glimpse of some of the problems asso-
ciated with his equipment in the field and help the user to achieve maximum
performance efficiency and high availability of his gas turbines.

I have been involved in the research, design, operation, and maintenance
of gas turbines since the early 1960s. I have also taught courses at the
graduate and undergraduate level at the University of Oklahoma and Texas
A&M University, and now, in general, to the industry. There have been over
3,000 students through my courses designed for the engineer in the field
representing over 400 companies from around the world. Companies have

X



Preface xi

used the book, and their comments have been very influential in the updat-
ing of material in the second edition. The enthusiasm of the students asso-
ciated with these courses gave me the inspiration to undertake this endeavor.
The many courses I have taught over the past 25 years have been an
educational experience for me as well as for the students. The Texas A&M
University Turbomachinery Symposium, which I had the privilege to orga-
nize and chair for over eight years and be part of the Advisory Committee
for 30 years, is a great contributor to the operational and maintenance
sections of this book. The discussions and consultations that resulted from
my association with highly professional individuals have been a major con-
tribution to both my personal and professional life as well as to this book.

In this book, I have tried to assimilate the subject matter of various papers
(and sometimes diverse views) into a comprehensive, unified treatment of
gas turbines. Many illustrations, curves, and tables are employed to broaden
the understanding of the descriptive text. Mathematical treatments are
deliberately held to a minimum so that the reader can identify and resolve
any problems before he is ready to execute a specific design. In addition, the
references direct the reader to sources of information that will help him to
investigate and solve his specific problems. It is hoped that this book will
serve as a reference text after it has accomplished its primary objective of
introducing the reader to the broad subject of gas turbines.

I wish to thank the many engineers whose published work and discussions
have been a cornerstone to this work. I especially thank all my graduate
students and former colleagues on the faculty of Texas A&M University
without whose encouragement and help this book would not be possible.
Special thanks go to the Advisory Committee of the Texas A&M University
Turbomachinery Symposium and Dr. M. Simmang, Chairman of the Texas
A&M University Department of Mechanical Engineering, who were instru-
mental in the initiation of the manuscript.

I wish to acknowledge and give special thanks to my wife, Zarine, for her
readiness to help and her constant encouragement throughout this project.

I sincerely hope that this new edition will be as interesting to read as it was
for me to write and that it will be a useful reference to the fast-growing field
of turbomachinery.

Finally, I would like to add that the loss of my friend and mentor Dr.
C.M. Simmang who has written the foreword to the first edition of this book
is a deep loss not only to me but also to the engineering educational com-
munity and to many of his students from Texas A&M University.

Meherwan P. Boyce
Houston, Texas



Preface to the First Edition

Gas Turbine Engineering Handbook discusses the design, fabrication,
installation, operation, and maintenance of gas turbines. The book has been
written to provide an overall view for the experienced engineer working in a
specialized aspect of the subject and for the young engineering graduate or
undergraduate student who is being exposed to the turbomachinery field for
the first time. The book will be very useful as a textbook for undergraduate
turbomachinery courses as well as for in-house company training programs
related to the petrochemical, power generation, and offshore industries.

The use of gas turbines in the petrochemical, power generation, and off-
shore industries has mushroomed in the past few years. It is to these users
and manufacturers of gas turbines that this book is directed. The book will
give the manufacturer a glimpse of some of the problems associated with his
equipment in the field and help the user to achieve maximum performance
efficiency and high availability of his gas turbines.

I have been involved in the research, design, operation, and maintenance
of gas turbines since the early 1960s. I have also taught courses at the
graduate and undergraduate level at the University of Oklahoma and Texas
A&M University, and now, in general, to the industry. The enthusiasm of
the students associated with these courses gave me the inspiration to under-
take this endeavor. The many courses I have taught over the past 15 years
have been an educational experience for me as well as for the students. The
Texas A&M University Turbomachinery Symposium, which I had the pri-
vilege to organize and chair for seven years, is a great contributor to the
operational and maintenance sections of this book. The discussions and
consultations that resulted from my association with highly professional
individuals have been a major contribution to both my personal and profes-
sional life as well as to this book.

In this book, I have tried to assimilate the subject matter of various papers
(and sometimes diverse views) into a comprehensive, unified treatment of
gas turbines. Many illustrations, curves, and tables are employed to broaden
the understanding of the descriptive text. Mathematical treatments are
deliberately held to a minimum so that the reader can identify and resolve
any problems before he is ready to execute a specific design. In addition, the
references direct the reader to sources of information that will help him to
investigate and solve his specific problems. It is hoped that this book will

xii



Preface to the First Edition xiii

serve as a reference text after it has accomplished its primary objective of
introducing the reader to the broad subject of gas turbines.

I wish to thank the many engineers whose published work and discussions
have been a cornerstone to this work. I especially thank all my graduate
students and former colleagues on the faculty of Texas A&M University
without whose encouragement and help this book would not be possible.
Special thanks go to the Advisory Committee of the Texas A&M University
Turbomachinery Symposium and Dr. C.M. Simmang, Chairman of the
Texas A&M University Department of Mechanical Engineering, who were
instrumental in the initiation of the manuscript, and to Janet Broussard for
the initial typing of the manuscript. Acknowledgment is also gratefully made
of the competent guidance of William Lowe and Scott Becken of Gulf
Publishing Company. Their cooperation and patience facilitated the conver-
sion of the raw manuscript to the finished book. Lastly, I wish to acknow-
ledge and give special thanks to my wife, Zarine, for her readiness to help
and her constant encouragement throughout this project.

I sincerely hope that this book will be as interesting to read as it was for
me to write and that it will be a useful reference to the fast-growing field of
turbomachinery.

Meherwan P. Boyce
Houston, Texas



Foreword to the First Edition

The Alexandrian scientist Hero (circa 120 B.C.) would hardly recognize
the modern gas turbine of today as the outgrowth of his aeolipile. His device
produced no shaft work—it only whirled. In the centuries that followed, the
principle of the aeolipile surfaced in the windmill (A.D. 900-1100) and again
in the powered roasting spit (1600s). The first successful gas turbine is
probably less than a century old.

Until recently, two principal obstacles confronted the design engineer in
his quest for a highly efficient turbine: (1) the temperature of the gas at the
nozzle entrance of the turbine section must be high, and (2) the compressor
and the turbine sections must each operate at a high efficiency. Metallurgical
developments are continually raising inlet temperatures, while a better
understanding of aerodynamics is partly responsible for improving the
efficiency of centrifugal and axial-flow compressors and radial-inflow and
axial-flow turbines.

Today there are a host of other considerations and concerns which con-
front design and operating engineers of gas turbines. These include bearings,
seals, fuels, lubrication, balancing, couplings, testing, and maintenance. Gas
Turbine Engineering Handbook presents necessary data and helpful sugges-
tions to assist engineers in their endeavors to obtain optimum performance
for any gas turbine under all conditions.

Meherwan Boyce is no stranger to gas turbines. For more than a decade
he has been highly active with the techniques of turbomachinery in industry,
academics, research, and publications. The establishment of the annual
Texas A&M University Turbomachinery Symposium can be numbered
among his major contributions to the field of turbomachinery. Dr. Boyce
subsequently directed the following seven prior to forming his own con-
sulting and engineering company. The tenth symposium was held recently
and attracted more than 1,200 engineers representing many different
countries.

This important new handbook comes to us from an experienced engineer
at a most opportune time. Never has the cost of energy been greater, nor
is there a promise that it has reached its price ceiling. Dr. Boyce is aware
of these concerns, and through this handbook he has provided the guide
and means for optimum use of each unit of energy supplied to a gas turbine.
The handbook should find its place in all the reference libraries of those

xiv
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engineers and technicians who have even a small responsibility for design
and operation of gas turbines.

Clifford M. Simmang

Department of Mechanical Engineering
Texas A&M University

College Station, Texas
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1

An Overview
of Gas Turbines

The gas turbine is a power plant, which produces a great amount of energy
for its size and weight. The gas turbine has found increasing service in the
past 40 years in the power industry both among utilities and merchant plants
as well as the petrochemical industry, and utilities throughout the world. Its
compactness, low weight, and multiple fuel application make it a natural
power plant for offshore platforms. Today there are gas turbines, which run
on natural gas, diesel fuel, naphtha, methane, crude, low-Btu gases, vapor-
ized fuel oils, and biomass gases.

The last 20 years has seen a large growth in Gas Turbine Technology. The
growth is spearheaded by the growth of materials technology, new coatings and
new cooling schemes. This, with the conjunction of increase in compressor pressure
ratio, hasincreased the gas turbine thermal efficiency from about 15% to over 45%.

Table 1-1 gives an economic comparison of various generation technolo-
gies from the initial cost of such systems to the operating costs of these
systems. Because distributed generation is very site specific the cost will vary
and the justification of installation of these type of systems will also vary.
Sites for distributed generation vary from large metropolitan areas to the
slopes of the Himalayan mountain range. The economics of power gener-
ation depend on the fuel cost, running efficiencies, maintenance cost and
first cost, in that order. Site selection depends on environmental concerns
such as emissions, and noise, fuel availability, and size and weight.

Gas Turbine Cycle in the Combined Cycle or Cogeneration Mode

The utilization of gas turbine exhaust gases, for steam generation or the
heating of other heat transfer mediums, or in the use of cooling or heating

3



Table 1-1
Economic Comparison of Various Generation Technologies

Technology Diesel Gas Simple Cycle Micro Fuel Solar Energy Wind Bio River
Comparison Engine Engine  Gas Turbine Turbine Cell Photovoltic Mass Hydro
Cell
Product Available  Available Available Available  1996- Available Available 2020 Available
Rollout 2010
Size Range 20— 50-7000+ 500— 30-200 50-1000+ 1+ 10-2500 NA 20—
(kW) 25,000+ 450,000+ 1000+
Efficiency (%) 36-43% 28-42% 21-45% 25-30% 35-54% NA 45-55% 25-35% 60—-70%
Gen Set Cost 125-300 250-600 300-600 350-800 1,500 NA NA NA NA
($/kW) 3,000
Turnkey Cost 200-500 600-1000 300-650 475-900 1,500— 5,000~ 700— 800 750—
No-Heat 3,000 10,000 1300 1500 1200
Recovery (§/kW)
Heat Recovery  75-100 75-100 150-300 100-250 1,900 NA NA 150-300 NA
Added Cost 3,500
(§/kW)
O & M Cost 0.007-0.015 0.005-0.012  0.003-0.008  0.006-0.010 0.005-0.010 0.001-0.004 0.007-0.012 0.006-0.011 0.005-0.010

(§/kWh)

14
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An Overview of Gas Turbines 5

buildings or parts of cities is not a new concept and is currently being
exploited to its full potential.

The Fossil Power Plants of the 1990s and into the early part of the new
millennium will be the Combined Cycle Power Plants, with the gas
turbine as being the centerpiece of the plant. It is estimated that between
1997-2006 there will be an addition of 147.7 GW of power. These plants
have replaced the large Steam Turbine Plants, which were the main fossil
power plants through the 1980s. The Combined Cycle Power Plant is not
new in concept, since some have been in operation since the mid1950s.
These plants came into their own with the new high capacity and efficiency
gas turbines.

The new marketplace of energy conversion will have many new and
novel concepts in combined cycle power plants. Figure 1-1 shows the heat
rates of these plants, present and future, and Figure 1-2 shows the effi-
ciencies of the same plants. The plants referenced are the Simple Cycle
Gas Turbine (SCGT) with firing temperatures of 2400°F (1315°C),
Recuperative Gas Turbine (RGT), the Steam Turbine Plant (ST), the
Combined Cycle Power Plant (CCPP), and the Advanced Combined Cycle
Power Plants (ACCP) such as combined cycle power plants using
Advanced Gas Turbine Cycles, and finally the Hybrid Power Plants
(HPP).

Table 1-2 is an analysis of the competitive standing of the various types of
power plants, their capital cost, heat rate, operation and maintenance costs,
availability and reliability, and time for planning. Examining the capital cost
and installation time, of these new power plants it is obvious that the gas
turbine is the best choice for peaking power. Steam turbine plants are about
50% higher in initial costs $800-$1000/kW than combined cycle plants,
which are about $400-$900/kW. Nuclear power plants are the most expen-
sive. The high initial costs and the long-time in construction make such a
plant unrealistic for a deregulated utility.

In the area of performance, the steam turbine power plants have an
efficiency of about 35%, as compared to combined cycle power plants,
which have an efficiency of about 55%. Newer Gas Turbine technology
will make combined cycle efficiencies range between 60-65%. As a rule of
thumb a 1% increase in efficiency could mean that 3.3% more capital can
be invested. However one must be careful that the increase in efficiency
does not lead to a decrease in availability. From 1996-2000 we have seen a
growth in efficiency of about 10% and a loss in availability of about 10%.
This trend must be turned around since many analysis show that a 1%
drop in the availability needs about 2-3% increase in efficiency to offset
that loss.
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Figure 1-1. Typical heat rates of various
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Economic and Operation Characteristics of Plant

Table 1-2

Type of Plant Capital Heat Net Variable Fixed Availability Reliability Time from
Cost $/kW Rate Efficiency Operation Operation Planning to
Btu/kWh & Completion
kJ/kWh Maintenance Maintenance Months
($/MWh) ($/MWh)
Simple cycle gas 300-350 7582-8000 45 5.8 0.23 88-95% 97-99% 10-12
turbine (2500 °F/1371°C)
natural gas fired
Simple cycle gas 400-500 8322-8229 41 6.2 0.25 85-90% 95-97% 12-16
turbine oil fired
Simple cycle gas 500-600 10662-11250 32 13.5 0.25 75-80% 90-95% 12-16
turbine crude fired
Regenerative gas 375-575 6824-7200 50 6.0 0.25 86-93% 96-98% 12-16
turbine natural gas fired
Combined cycle gas turbine 600-900 6203-6545 55 4.0 0.35 86-93% 95-98% 22-24
Advanced gas turbine 800-1000  5249-5538 65 4.5 0.4 84-90% 94-96% 28-30
combined cycle power plant
Combined cycle 1200-1400 6950-7332 49 7.0 1.45 75-85% 90-95% 30-36
coal gasification
Combined cycle 1200-1400 7300-7701 47 7.0 1.45 75-85% 90-95% 30-36
fluidized bed
Nuclear power 1800-200  10000-10550 34 8 2.28 80-89 92-98% 48-60
Steam plant coal fired 800—-1000  9749-10285 35 3 1.43 82-89% 94-97% 36-42
Diesel generator-diesel 400-500 7582-8000 45 6.2 4.7 90-95% 96-98% 12-16
fired
Diesel generator-power 600-700 8124-8570 42 7.2 4.7 85-90% 92-95% 16-18
plant oil fired
Gas engine 650-750 7300-7701 47 5.2 4.7 92-96% 96-98% 12-16

generator power plant

8
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An Overview of Gas Turbines 9

The time taken to install a steam plant from conception to production
is about 42-60 months as compared to 22-36 months for combined cycle
power plants. The actual construction time is about 18 months, while
environmental permits in many cases take 12 months and engineering 6—12
months. The time taken for bringing the plant on line affects the economics
of the plant, the longer the capital employed without return, accumulates
interest, insurance, and taxes.

It is obvious from this that as long as natural gas or diesel fuel is available
the choice of combined cycle power plants is obvious.

Gas Turbine Performance

The aerospace engines have been the leaders in most of the technology
in the gas turbine. The design criteria for these engines was high reliability,
high performance, with many starts and flexible operation throughout the
flight envelope. The engine life of about 3500 hours between major over-
hauls was considered good. The aerospace engine performance has
always been rated primarily on its thrust/weight ratio. Increase in engine
thrust/weight ratio is achieved by the development of high-aspect
ratio blades in the compressor as well as optimizing the pressure ratio
and firing temperature of the turbine for maximum work output per unit
flow.

The Industrial Gas Turbine has always emphasized long life and this
conservative approach has resulted in the Industrial Gas Turbine in many
aspects giving up high performance for rugged operation. The Industrial
Gas Turbine has been conservative in the pressure ratio and the firing
temperatures. This has all changed in the last 10 years; spurred on by the
introduction of the “Aero-Derivative Gas Turbine” the industrial gas tur-
bine has dramatically improved its performance in all operational aspects.
This has resulted in dramatically reducing the performance gap between
these two types of gas turbines. The gas turbine to date in the combined
cycle mode is fast replacing the steam turbine as the base load provider of
electrical power throughout the world. This is even true in Europe and the
United States where the large steam turbines were the only type of base load
power in the fossil energy sector. The gas turbine from the 1960s to the late
1980s was used only as peaking power in those countries, it was used as base
load mainly in the “developing countries” where the need of power was
increasing rapidly that the wait of three to six years for a steam plant was
unacceptable.

Figures 1-3 and 1-4 show the growth of the Pressure Ratio and Firing
Temperature. The growth of both the Pressure Ratio and Firing Temperature



10 Gas Turbine Engineering Handbook

S
o

N
o

w
a

now
o o
\

------ Pressure ratio aircraft
Pressure ratio industrial

Pressure ratio
n
o

—

1940 1950 1960 1970 1980 1990 2000 2010

Year

Figure 1-3. Development of engine pressure ratio over the years.

1600

1400

1200

Development of Single Crystal L -
Blades L °

o

S

oS
\

....... Temp aircraft
Temp industrial

®
o
S

600

TEMPERATURE (C)

400

200

0
1940 1950 1960 1970 1980 1990 2000 2010

YEAR

Figure 1-4. Trend in improvement in firing temperature.

parallel each other, as both growths are necessary to achieving the optimum
thermal efficiency.

The increase in pressure ratio increases the gas turbine thermal efficiency
when accompanied with the increase in turbine firing temperature. Figure
1-5 shows the effect on the overall cycle efficiency of the increasing pressure
ratio and the firing temperature. The increase in the pressure ratio increases
the overall efficiency at a given temperature, however increasing the pressure
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ratio beyond a certain value at any given firing temperature can actually
result in lowering the overall cycle efficiency.

In the past, the gas turbine was perceived as a relatively inefficient power
source when compared to other power sources. Its efficiencies were as low as
15% in the early 1950s, today its efficiencies are in the 45-50% range, which
translates to a heat rate of 7582 Btu/kW-hr (8000 kJ/kW-hr) to 6824 BTU/
kW-hr (7199 kJ/kW-hr). The limiting factor for most gas turbines has been
the turbine inlet temperature. With new schemes of cooling using steam or
conditioned air, and breakthroughs in blade metallurgy, higher turbine
temperatures have been achieved. The new gas turbines have fired inlet
temperatures as high as 2600 °F (1427 °C), and pressure ratios of 40:1 with
efficiencies of 45% and above.

Gas Turbine Design Considerations

The gas turbine is the best suited prime mover when the needs at hand
such as capital cost, time from planning to completion, maintenance costs,
and fuel costs are considered. The gas turbine has the lowest maintenance
and capital cost of any major prime mover. It also has the fastest completion
time to full operation of any other plant. Its disadvantage was its high heat
rate but this has been addressed and the new turbines are among the most
efficient types of prime movers. The combination of plant cycles further
increases the efficiencies to the low 60s.
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The design of any gas turbine must meet essential criteria based on
operational considerations. Chief among these criteria are:

High efficiency

High reliability and thus high availability

Ease of service

Ease of installation and commission

Conformance with environmental standards

Incorporation of auxiliary and control systems, which have a high
degree of reliability

7. Flexibility to meet various service and fuel needs

AN S e

A look at each of these criteria will enable the user to get a better under-
standing of the requirements.

The two factors, which most affect high turbine efficiencies, are pressure
ratios and temperature. The axial flow compressor, which produces the high-
pressure gas in the turbine, has seen dramatic change as the gas turbine
pressure ratio has increased from 7:1 to 40:1. The increase in pressure ratio
increases the gas turbine thermal efficiency when accompanied with the
increase in turbine firing temperature. The increase in the pressure ratio
increases the overall efficiency at a given temperature, however increasing
the pressure ratio beyond a certain value at any given firing temperature can
actually result in lowering the overall cycle efficiency. It should also be noted
that the very high-pressure ratios tend to reduce the operating range of the
turbine compressor. This causes the turbine compressor to be much more
intolerant to dirt build-up in the inlet air filter and on the compressor blades
and creates large drops in cycle efficiency and performance. In some cases, it
can lead to compressor surge, which in turn can lead to a flameout, or even
serious damage and failure of the compressor blades and the radial and
thrust bearings of the gas turbine.

The effect of firing temperature is very predominant—for every 100°F
(55.5°C) increase in temperature, the work output increases approximately
10% and gives about a 1- )5 % increase in efficiency. Higher-pressure ratios
and turbine inlet temperatures improve efficiencies on the simple-cycle gas
turbine. Figure 1-6 shows a simple cycle gas turbine performance map as a
function of pressure ratio and turbine inlet temperature.

Another way to achieve higher efficiencies is with regenerators. Figure 1-7
shows the effects of pressure ratio and temperatures on efficiencies and work
for a regenerative cycle. The effect of pressure ratio for this cycle is opposite
to that experienced in the simple cycle. Regenerators can increase efficiency
as much as 15-20% at today’s operating temperatures. The optimum pres-
sure ratios are about 20:1 for a regenerative system compared to 40:1 for the
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Figure 1-7. Performance map of a regenerative gas turbine.

simple-cycle at today’s higher turbine inlet temperatures that are starting to
approach 3000 °F (1649 °C).

High availability and reliability are the most important parameters in
the design of a gas turbine. The availability of a power plant is the percent
of time the plant is available to generate power in any given period. The reliab-
ility of the plant is the percentage of time between planed overhauls.
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The Availability of a power plant is defined as
A=(P-S—-F)/P (1-1)

where:

P =Period of time, hours, usually this is assumed as one year, which
amounts to 8760 hours

S = Scheduled outage hours for planned maintenance

F="Forced outage hours or unplanned outage due to repair.

The Reliability of a power plant is defined as
R=(P—F)/P (1-2)

Availability and reliability have a very major impact on the plant econ-
omy. Reliability is essential in that when the power is needed it must be
there. When the power is not available it must be generated or purchased
and can be very costly in the operation of a plant. Planned outages are
scheduled for nonpeak periods. Peak periods are when the majority of the
income is generated, as usually there are various tiers of pricing depending
on the demand. Many power purchase agreements have clauses, which
contain capacity payments, thus making plant availability critical in the
economics of the plant.

Reliability of a plant depends on many parameters, such as the type of
fuel, the preventive maintenance programs, the operating mode, the control
systems, and the firing temperatures.

To achieve a high availability and reliability factor, the designer must keep
in mind many factors. Some of the more important considerations, which
govern the design, are blade and shaft stresses, blade loadings, material
integrity, auxiliary systems, and control systems. The high temperatures
required for high efficiencies have a disastrous effect on turbine blade life.
Proper cooling must be provided to achieve blade metal temperatures
between 1000 °F (537 °C), and 1300 °F (704 °C) below the levels of the onset
of hot corrosion. Thus, the right type of cooling systems with proper blade
coatings and materials are needed to ensure the high reliability of a turbine.

Serviceability is an important part of any design, since fast turnarounds
result in high availability to a turbine and reduces maintenance and oper-
ations costs. Service can be accomplished by providing proper checks such
as exhaust temperature monitoring, shaft vibration monitoring, and surge
monitoring. Also, the designer should incorporate borescope ports for fast
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visual checks of hot parts in the system. Split casings for fast disassembly,
field balancing ports for easy access to the balance planes, and combustor
cans, which can be easily disassembled without removing the entire hot
section are some of the many ways that afford the ease of service.

Ease of installation and commissioning is another reason for gas turbine
use. A gas turbine unit can be tested and packaged at the factory. Use of a
unit should be carefully planned so as to cause as few start cycles as possible.
Frequent startups and shutdowns at commissioning greatly reduce the life
of a unit.

Environmental considerations are critical in the design of any system. The
system’s impact on the environment must be within legal limits and thus
must be addressed by the designer carefully. Combustors are the most
critical component, and great care must be taken to design them to provide
low smoke and low NO, output. The high temperatures result in increasing
the NO, emissions from the gas turbines. This resulted in initially attacking
the NO, problem by injecting water or steam in the combustor. The next
stage was the development of Dry Low NO, Combustors. The development
of new Dry Low NO, Combustors has been a very critical component in
reducing the NO, output as the gas turbine firing temperature is increased.
The new low NO, combustors increase the number of fuel nozzle and the
complexity of the control algorithms.

Lowering the inlet velocities and providing proper inlet silencers can
reduce air noise. Considerable work by NASA on compressor casings has
greatly reduced noise.

Auxiliary systems and control systems must be designed carefully, since
they are often responsible for the downtime in many units. Lubrication
systems, one of the critical auxiliary systems, must be designed with a backup
system and should be as close to failure-proof as possible. The advanced gas
turbines are all digitally controlled and incorporate on-line condition mon-
itoring to some extent. The addition of new on-line monitoring requires new
instrumentation. Control systems provide acceleration-time, and tempera-
ture-time controls for startups as well as controls various anti-surge valves.
At operating speeds they must regulate fuel supply and monitor vibrations,
temperatures, and pressures throughout the entire range.

Flexibility of service and fuels are criteria, which enhance a turbine
system, but they are not necessary for every application. The energy shortage
requires turbines to be operated at their maximum efficiency. This flexibility
may entail a two-shaft design incorporating a power turbine, which is
separate and not connected to the Gasifier unit. Multiple fuel applications
are now in greater demand, especially where various fuels may be in shortage
at different times of the year.
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Categories of Gas Turbines
The simple cycle gas turbine is classified into five broad groups:

1. Frame Type Heavy-Duty Gas Turbines. The frame units are the large
power generation units ranging from 3 MW to 480 MW in a simple
cycle configuration, with efficiencies ranging from 30-46%.

2.  Aircraft-Derivative Gas Turbines Aeroderivative. As the name indi-
cates, these are power generation units, which have origin in the
aerospace industry as the prime mover of aircraft. These units have
been adapted to the electrical generation industry by removing the by-
pass fans, and adding a power turbine at their exhaust. These units
range in power from 2.5MW to about 50 MW. The efficiencies of
these units can range from 35-45%.

3. Industrial Type-Gas Turbines. These vary in range from about
2.5MW-15MW. This type of turbine is used extensively in many
petrochemical plants for compressor drive trains. The efficiencies of
these units is in the low 30s.

4. Small Gas Turbines. These gas turbines are in the range from about
0.5MW-2.5MW. They often have centrifugal compressors and radial
inflow turbines. Efficiencies in the simple cycle applications vary from
15-25%.

5. Micro-Turbines. These turbines are in the range from 20 kW-350 kW.
The growth of these turbines has been dramatic from the late 1990s, as
there is an upsurge in the distributed generation market.

Frame Type Heavy-Duty Gas Turbines

These gas turbines were designed shortly after World War II and intro-
duced to the market in the early 1950s. The early heavy-duty gas turbine
design was largely an extension of steam turbine design. Restrictions of
weight and space were not important factors for these ground-based units,
and so the design characteristics included heavy-wall casings split on hor-
izontal centerlines, sleeve bearings, large-diameter combustors, thick airfoil
sections for blades and stators, and large frontal areas. The overall pressure
ratio of these units varied from 5:1 for the earlier units to 35:1 for the units in
present-day service. Turbine inlet temperatures have been increased and run
as high as 2500°F (1371°C) on some of these units, this makes the gas
turbine one of the most efficient prime mover on the market today reaching
efficiencies of 50%. Projected temperatures approach 3000 °F (1649 °C) and,
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if achieved, would make the gas turbine even a more efficient unit. The
Advanced Gas Turbine Programs sponsored by the U.S. Department of
Energy has these high temperatures as one of its goals. To achieve these
high temperatures, steam cooling is being used in the latest designs to
achieve the goals of maintaining blade metal temperatures below 1300 °F
(704 °C), and prevent hot corrosion problems.

The industrial heavy-duty gas turbines employ axial-flow compressors
and turbines. The industrial turbine consists of a 15-17 stage axial flow
compressor; with multiple can-annular combustors each connected to the
other by cross-over tubes. The cross-over tubes help propagate the flames
from one combustor can to all the other chambers and also assures an
equalization of the pressure between each combustor chamber. The earlier
industrial European designs have single-stage side combustors. The new
European designs do not use the side combustor in most of their newer
designs. The newer European designs have can-annular or annular combus-
tors since side (silo type) combustors had a tendency to distort the casing.
Figure 1-8 is a cross-sectional representation of the GE Industrial Type Gas
Turbine, with can-annular combustors, and Figure 1-9 is a cross-sectional
representation of the Siemens Silo Type Combustor Gas Turbine. The
turbine expander consists of a 2—4-stage axial flow turbine, which drives
both the axial flow compressor and the generator.

The large frontal areas of these units reduce the inlet velocities, thus
reducing air noise. The pressure rise in each compressor stage is reduced,
creating a large, stable operating zone.

Figure 1-8. A frame-type gas turbine with can-annular combustors. (Courtesy GE
Power Systems.)
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Figure 1-9. Frame-type gas turbine with silo type combustors. (Courtesy Siemens
Power Generation.)

The auxiliary modules used on most of these units have gone through
considerable hours of testing and are heavy-duty pumps and motors.

The advantages of the heavy-duty gas turbines are their long life, high
availability, and slightly higher overall efficiencies. The noise level from this
type of turbine is considerably less than an aircraft-type turbine. The heavy-
duty gas turbine’s largest customers are the electrical utilities, and independ-
ent power producers. Since the 1990s the industrial turbines have been the
bulwarks of most combined cycle power plants.

The latest frame type units introduced are 480 MW units using steam
cooling in the combined cycle mode, enabling the firing temperatures to
reach 2600 °F (1427 °C). This enables efficiency in the combined cycle mode
to reach 60% plus.

Aircraft-Derivative Gas Turbines
Aeroderivative gas turbines consist of two basic components: an aircraft-

derivative gas generator, and a free-power turbine. The gas generator serves
as a producer of gas energy or gas horsepower. The gas generator is derived
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from an aircraft engine modified to burn industrial fuels. Design innovations
are usually incorporated to ensure the required long-life characteristics in the
ground-based environment. In case of fan jet designs, the fan is removed and
a couple of stages of compression are added in front of the existing low-
pressure compressor. The axial flow compressor in many cases is divided
into two sections a low-pressure compressor followed by a high-pressure
compressor. In those cases, there are usually a high-pressure turbine and a
low-pressure turbine, which drives the corresponding sections of the com-
pressor. The shafts are usually concentric thus the speeds of the high pres-
sure and low-pressure sections can be optimized. In this case, the power
turbine is separate and is not mechanically coupled; the only connection is
via an aerodynamic coupling. In these cases, the turbines have three shafts,
all operating at independent speeds. The gas generator serves to raise com-
bustion gas products to conditions of around 45-75psi (3—5 Bar) and
temperatures of 1300-1700°F (704-927°C) at the exhaust flange. Figure
1-10 shows a cross section of an aeroderivative engine.

Both the Power Industry and the petrochemical industries use the aircraft-
type turbine. The Power Industry uses these units in a combined cycle mode
for power generation especially in remote areas where the power require-
ments are less than 100 MW. The petrochemical industry uses these types of
turbines on offshore platforms especially for gas re-injection, and as power
plants for these offshore platforms, mostly due to their compactness and the
ability to be easily replaced and then sent out to be repaired. The aero-
derivative gas turbine also is used widely by gas transmission companies and
petrochemical plants, especially for many variable speed mechanical drives.
These turbines are also used as main drives for Destroyers and Cruise Ships.
The benefits of the aeroderivative gas turbines are:

LP and Power Turbine

AL
[

Est. weight
4.500 Ibs

Figure 1-10. A cross section of an aeroderivative gas turbine engine.
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1. Favorable installation cost. The equipment involved is of a size and
weight that it can be packaged and tested as a complete unit within
the manufacturer’s plant. Generally, the package will include either
a generator or a driven pipeline compressor and all auxiliaries and
control panels specified by the user. Immediate installation at the job
site is facilitated by factory matching and debugging.

2. Adaptation to remote control. Users strive to reduce operating costs
by automation of their systems. Many new offshore and pipeline
applications, today are designed for remote unattended operation of
the compression equipment. Jet gas turbine equipment lends itself to
automatic control, as auxiliary systems are not complex, water
cooling is not required (cooling by oil-to-air exchanges), and the
starting device (gas expansion motor) requires little energy and is
reliable. Safety devices and instrumentation adapt readily for pur-
poses of remote control and monitoring the performance of the
equipment.

3. Maintenance concept. The off-site maintenance plan fits in well with
these systems where minimum operating personnel and unattended
stations are the objectives. Technicians conduct minor running adjust-
ments and perform instrument calibrations. Otherwise, the aeroder-
ivative gas turbine runs without inspection until monitoring
equipment indicates distress or sudden performance change. This plan
calls for the removal of the gasifier section (the aero-engine) and
sending it back to the factory for repair while another unit is installed.
The power turbine does not usually have problems since its inlet
temperature is much lower. Downtime due to the removal and repla-
cement of the Gasifier turbine is about eight hours.

Industrial Type Gas Turbines

Industrial Type Gas Turbines are medium-range gas turbines and usually
rated between 5-15 MW. These units are similar in design to the large heavy-
duty gas turbines; their casing is thicker than the aeroderivative casing but
thinner than the industrial gas turbines. They usually are split-shaft designs
that are efficient in part load operations. Efficiency is achieved by letting
the gasifier section (the section which produces the hot gas) operate at
maximum efficiency while the power turbine operates over a great
range of speeds. The compressor is usually a 10-16 stage subsonic axial
compressor, which produces a pressure ratio from about 5:1-15:1. Most
American designs use can-annular (about 5-10 combustor cans mounted
in a circular ring) or annular-type combustors. Most European designs use
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Figure 1-11. A medium size industrial gas turbine. (Courtesy Solar Turbines
Incorporated.)

side combustors and have lower turbine inlet temperatures compared to their
American counterparts. Figure 1-11 shows an Industrial Type Gas Turbine.

The gasifier turbine is usually a 2-3 stage axial turbine with an air-cooled
first-stage nozzle and blade. The power turbine is usually a single- or two-
stage axial-flow turbine. The medium-range turbines are used on offshore
platforms and are finding increasing use in petrochemical plants. The
straight simple-cycle turbine is low in efficiency, but by using regenerators
to consume exhaust gases, these efficiencies can be greatly improved. In
process plants this exhaust gas is used to produce steam. The combined-
cycle (air-steam) cogeneration plant has very high efficiencies and is the
trend of the future.

These gas turbines have in many cases regenerators or recuperators to
enhance the efficiency of these turbines. Figure 1-12 shows such a new
recuperated gas turbine design, which has an efficiency of 38%.



22 Gas Turbine Engineering Handbook

Recuperator

Compressor

Turbine

Combustor

Figure 1-12. A recuperative medium-sized industrial gas turbine. (Courtesy Solar
Turbines Incorporated.)

The term “regenerative heat exchanger” is used for this system in which
the heat transfer between two streams is affected by the exposure of a third
medium alternately to the two flows. (The heat flows successively into and
out of the third medium, which undergoes a cyclic temperature.) In a
recuperative heat exchanger each element of heat-transferring surface has a
constant temperature and, by arranging the gas paths in contraflow, the
temperature distribution in the matrix in the direction of flow is that giving
optimum performance for the given heat-transfer conditions. This optimum
temperature distribution can be achieved ideally in a contraflow regenerator
and approached very closely in a cross-flow regenerator.

Small Gas Turbines

Many small gas turbines which produce below 5 MW are designed similar
to the larger turbines already discussed; however, there are many designs
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Figure 1-13. A small radial flow gas turbine cutaway showing the turbine rotor.

that incorporate centrifugal compressors or combinations of centrifugal and
axial compressors as well as radial-inflow turbines. A small turbine will often
consist of a single-stage centrifugal compressor producing a pressure ratio as
high as 6:1, a single side combustor where temperatures of about 1,800 °F
(982°C) are reached, and radial-inflow turbines. Figure 1-13 shows a sche-
matic of such a typical turbine. Air is induced through an inlet duct to the
centrifugal compressor, which rotating at high speed, imparts energy to the
air. On leaving the impeller air with increased pressure and velocity passes
through a high-efficiency diffuser, which converts the velocity energy to
static pressure. The compressed air, contained in a pressure casing, flows
at low speed to the combustion chamber, which is a side combustor. A
portion of the air enters the combustor head, mixes with the fuel and burns
continuously. The remainder of the air enters through the wall of the
combustor and mixes with the hot gases. Good fuel atomization and con-
trolled mixing ensure an even temperature distribution in the hot gases,
which pass through the volute to enter the radial inflow turbine nozzles.
High acceleration and expansion of the gases through the nozzle guide vane
passages and turbine combine to impart rotational energy, which is used to
drive the external load and auxiliaries on the cool side of the turbine. The
efficiency of a small turbine is usually much lower than a larger unit because
of the limitation of the turbine inlet temperature and the lower component
efficiencies. Turbine inlet temperature is limited because the turbine blades
are not cooled. Radial-flow compressors and impellers inherently have lower
efficiencies than their axial counterparts. These units are rugged and their
simplicity in design assures many hours of trouble-free operation. A way to
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Figure 1-14. A small aeroderivative gas turbine. (Courtesy Pratt & Whitney
Canada Corp.)

improve the lower overall cycle efficiencies, 18-23%, is to use the waste heat
from the turbine unit. High thermal efficiencies (30-35%) can be obtained,
since nearly all the heat not converted into mechanical energy is available in
the exhaust, and most of this energy can be converted into useful work.
These units when placed in a combined Heat power application can reach
efficiencies of the total process as high as 60-70%.

Figure 1-14 shows an aeroderivative small gas turbine. This unit has three
independent rotating assemblies mounted on three concentric shafts. This
turbine has a three-stage axial flow compressor followed by a centrifugal
compressor, each driven by a single stage axial flow compressor. Power is
extracted by a two-stage axial flow turbine and delivered to the inlet end of
the machine by one of the concentric shafts. The combustion system com-
prises of a reverse flow annular combustion chamber with multiple fuel
nozzles and a spark igniter. This aeroderivative engine produces 4.9 MW
and has an efficiency of 32%.

Micro-Turbines

Micro-turbines are usually referred to units of less than 350 kW. These
units are usually powered by either diesel fuel or natural gas. They utilize
technology already developed. The micro-turbines can be either axial flow or
centrifugal-radial inflow units. The initial cost, efficiency, and emissions will
be the three most important criterias in the design of these units.
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Figure 1-15. A compact micro-turbine schematic. (Courtesy Capstone Corpora-
tion.)

The micro-turbines to be successful must be compact in size, have low
manufacturing cost, high efficiencies, quiet operation, quick startups, and
minimal emissions. These characteristics, if achieved, would make micro-
turbines excellent candidates for providing base-load and cogeneration
power to a range of commercial customers. The micro-turbines are largely
going to be a collection of technologies that have already been developed.
The challenges are in economically packaging these technologies.

The micro-turbines on the market today range from about 20-350 kW.
Today’s micro-turbine are using radial flow turbines and compressors, as
seen in Figure 1-15. To improve the overall thermal efficiency regenerators
are used in the micro-turbine design, and in combination with absorption
coolers, or other thermal loads very high efficiencies can be obtained. Figure
1-16 shows a typical cogeneration system package using a micro-turbine.
This compact form of distributed power systems has great potential in the
years to come.
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Figure 1-16. A cogeneration micro-turbine system package. (Courtesy Ingersoll
Rand Corporation.)

Major Gas Turbine Components

Compressors

A compressor is a device, which pressurizes a working fluid. The types of
compressors fall into three categories as shown in Figure 1-17. The positive
displacement compressors are used for low flow and high pressure (head),
centrifugal compressors are medium flow and medium head, and axial flow
compressors are high flow and low pressure. In gas turbines the centrifugal
flow, and axial flow compressors, which are continuous flow compressors,
are the ones used for compressing the air. Positive displacement compressors
such as the gear type units are used for lubrication systems in the gas
turbines.

The characteristics of these compressors are given in Table 1-3. The
pressure ratio of the axial and centrifugal compressors have been classified
into three groups, industrial, aerospace and research. The aircraft gas
turbines because of their thrust to weight ratio considerations have very
high loading for each compressor stage. The pressure ratio per each stage
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Figure 1-17. Performance characteristics of different types of compressors.

Table 1-3
Compressor Characteristics

Types of Pressure Ratio Efficiency Operating
Compressors Industrial Aerospace Research Range
Positive Up to 30 - - 75-82% -
Displacemnt
Centrifugal 1.2-1.9 2.0-7.0 13 75-87% Large 25%
Axial 1.05-1.3 1.1-1.45 2.1 80-91% Narrow 3-10%

can reach as high as 1.4 per stage. In the industrial gas turbines, the loading
per stage is considerably less and varies between 1.05-1.3 per stage. The
adiabatic efficiency of the compressors has also increased and efficiencies in
the high 80s have been achieved. Compressor efficiency is very important in
the overall performance of the gas turbine as it consumes 55-60% of the
power generated by the gas turbine.

The industrial pressure ratio is low for the reasons that the operating
range needs to be large. The operating range is the range between the surge
point and the choke point. Figure 1-18 shows the operating characteristics of
a compressor. The surge point is the point when the flow is reversed in the
compressor. The choke point is the point when the flow has reached a
Mach = 1.0 the point where no more flow can get through the unit, a “stone
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Figure 1-18. Schematic of a compressor performance map.

wall.” When surge occurs, the flow is reversed and so are all the forces acting
on the compressor especially the thrust forces, which can lead to total
destruction of the compressor. Thus, surge is a region that must be avoided.
Choke conditions cause a large drop in efficiency, but do not lead to
destruction of the unit.

It is important to note that with the increase in pressure ratio and the
number of stages the operating range is narrowed.

The turbo-compressors discussed in this section transfer energy by
dynamic means from a rotating member to the continuously flowing fluid.
The two types of compressors used in gas turbines are axial and centrifugal.
Nearly all gas turbines producing over 5 MW have axial flow compressors.
Some small gas turbines employ a combination of an axial compressor
followed by a centrifugal unit. Figure 1-19 shows a schematic of an axial-
flow compressor followed by a centrifugal compressor, an annular combus-
tor, and an axial-flow turbine, very similar to the actual engine depicted in
Figure 1-14.

Axial-Flow Compressors. An axial-flow compressor compresses its
working fluid by first accelerating the fluid and then diffusing it to obtain
a pressure increase. The fluid is accelerated by a row of rotating airfoils or
blades (the rotor) and diffused by a row of stationary blades (the stator). The
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Figure 1-19. A schematic of a cutaway of a small gas turbine used in helicopter or
vehicular applications.

diffusion in the stator converts the velocity increase gained in the rotor to a
pressure increase. One rotor and one stator make up a stage in a compressor.
A compressor usually consists of multiple stages. One additional row
of fixed blades (inlet guide vanes) is frequently used at the compressor
inlet to ensure that air enters the first-stage rotors at the desired angle.
In addition to the stators, an additional diffuser at the exit of the compressor
further diffuses the fluid and controls its velocity when entering the combus-
tors.

In an axial flow compressor air passes from one stage to the next with each
stage raising the pressure slightly. By producing low-pressure increases on
the order of 1.1:1-1.4:1, very high efficiencies can be obtained. The use of
multiple stages permits overall pressure increases up to 40:1. The rule of
thumb for a multiple stage gas turbine compressor would be that the energy
rise per stage would be constant rather than the pressure rise per stage.

Figure 1-20 shows multistage high-pressure axial flow turbine rotor. The
turbine rotor depicted in this figure has a low-pressure compressor followed
by a high-pressure compressor. There are also two turbine sections, and the
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Figure 1-20. A high-pressure ratio turbine rotor. (Courtesy ALSTOM.)

reason there is a large space between the two turbine sections is that this is a
reheat turbine and the second set of combustors are located between the
high-pressure and the low-pressure turbine sections. The compressor pro-
duces 30:1 pressure in 22 stages. The low-pressure increase per stage also
simplifies calculations in the design of the compressor by justifying the air as
incompressible in its flow through an individual stage.

Centrifugal Flow Compressors. Centrifugal compressors are used in
small gas turbines and are the driven units in most gas turbine compressor
trains. They are an integral part of the petrochemical industry, finding
extensive use because of their smooth operation, large tolerance of process
fluctuations, and their higher reliability compared to other types of com-
pressors. Centrifugal compressors range in size from pressure ratios of 1:3:1
per stage to as high as 13:1 on experimental models. Discussions here are
limited to the compressors used in small gas turbines. This means that the
compressor pressure ratio must be between 3-7:1 per stage. This is con-
sidered a highly loaded centrifugal compressor. With pressure ratio’s,
which exceed 5:1, flows entering the diffuser from the rotor are supersonic in
their mach number (M > 1.0). This requires a special design of the diffuser.

In a typical centrifugal compressor, the fluid is forced through the impeller
by rapidly rotating impeller blades. The velocity of the fluid is converted to



An Overview of Gas Turbines 31

pressure, partially in the impeller and partially in the stationary diffusers.
Most of the velocity leaving the impeller is converted into pressure energy in
the diffuser. The diffuser consists essentially of vanes, which are tangential to
the impeller. These vane passages diverge to convert the velocity head into
pressure energy. The inner edge of the vanes is in line with the direction of
the resultant airflow from the impeller.

In the centrifugal or mixed-flow compressor the air enters the compressor
in an axial direction and exists in a radial direction into a diffuser. This
combination of rotor (or impeller) and diffuser comprises a single stage. The
air enters into the centrifugal compressor through an intake duct and can be
a given prewhirl by the IGVs as shown in Figure 1-21. The inlet guide vanes
give circumferential velocity to the fluid at the inducer inlet. IGVs are
installed directly in front of the impeller inducer or, where an axial entry is
not possible, located radially in an intake duct. The purpose of installing the
IGVs is usually to decrease the relative Mach number at the inducer-tip
(impeller eye) inlet because the highest relative velocity at the inducer inlet is
at the shroud. When the relative velocity is close to the sonic velocity or
greater than it, a shock wave takes place in the inducer section. A shock
wave produces shock loss and chokes the inducer. The air initially enters the
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Figure 1-21. Schematic of a centrifugal compressor stage.
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centrifugal impeller at the inducer. The inducer, usually an integral part of
the impeller, is very much like an axial-flow compressor rotor. Many earlier
designs kept the inducer separate. The air then goes through a 90° turn and
exits into a diffuser, which usually consists of a vaneless space followed by
a vaned diffuser. This is especially true if the compressor exit is supersonic as
is the case with high-pressure ratio compressors. The vaneless space is used
to reduce the velocity leaving the rotor to a value lower than Mach
number = 1 (M < 1). From the exit of the diffuser, the air enters a scroll
or collector. The centrifugal compressor is slightly less efficient than the
axial-flow compressor, but it has a higher stability. A higher stability means
that its operating range is greater (surge-to-choke margin).

Regenerators

Heavy-duty regenerators are designed for applications in large gas tur-
bines in the 1-50 MW range. The use of regenerators in conjunction with
industrial gas turbines substantially increases cycle efficiency and provides
an impetus to energy management by reducing fuel consumption up to 30%.
The term “regenerative heat exchanger” is used for this system in which the
heat transfer between two streams is affected by the exposure of a third
medium alternately to the two flows. The heat flows successively into and
out of the third medium, which undergoes a cyclic temperature. In a recu-
perative heat exchanger each element of head-transferring surface has a
constant temperature and, by arranging the gas paths in contraflow, the
temperature distribution in the matrix in the direction of flow is that giving
optimum performance for the given heat-transfer conditions. This optimum
temperature distribution can be achieved ideally in a contraflow regenerator
and approached very closely in a cross-flow regenerator.

Figure 1-22 shows how a regenerator works. In most present-day regen-
erative gas turbines ambient air enters the inlet filter and is compressed to
about 100 psi (6.8 Bar) and a temperature of 500 °F (260 °C). The air is then
piped to the regenerator, which heats the air to about 900 °F (482 °C). The
heated air then enters the combustor where it is further heated before
entering the turbine. After the gas has undergone expansion in the turbine,
it is about 1000 °F (538 °C) and essentially at ambient pressure. The gas is
ducted through the regenerator where the waste heat is transferred to the
incoming air. The gas is then discharged into the ambient air through the
exhaust stack. In effect, the heat that would otherwise be lost is transferred
to the air, decreasing the amount of fuel that must be consumed to operate
the turbine. For a 25 MW turbine, the regenerator heats 10 million pounds
of air per day.
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Figure 1-22. A typical plate and fin type regenerator for an industrial gas
turbine.

Combustors

All gas turbine combustors perform the same function, they increase the
temperature of the high-pressure gas. The gas turbine combustor uses very
little of its air (10%) in the combustion process. The rest of the air is used for
cooling and mixing. New combustors are also circulating steam for cooling
purpose. The air from the compressor must be diffused before it enters the
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combustor. The velocity of the air leaving the compressor is about 400—
600 ft/sec (122—-183 m/sec) and the velocity in the combustor must be main-
tained below 50 ft/sec (15.2m/sec). Even at these low velocities care must be
taken to avoid the flame to be carried on downstream.

The combustor is a direct-fired air heater in which fuel is burned almost
stoichiometrically with one-third or less of the compressor discharge air.
Combustion products are then mixed with the remaining air to arrive at a
suitable turbine inlet temperature. Despite the many design differences in
combustors, all gas turbine combustion chambers have three features: (1) a
recirculation zone, (2) a burning zone (with a recirculation zone, which
extends to the dilution region), and (3) a dilution zone, as seen in Figure
1-23. The air entering a combustor is divided so that the flow is distributed
between three major regions (1) Primary Zone, (2) Dilution Zone and
(3) Annular space between the liner and casing.

The combustion in a combustor takes place in the Primary Zone. Com-
bustion of natural gas is a chemical reaction that occurs between carbon, or
hydrogen, and oxygen. Heat is given off as the reaction takes place. The
products of combustion are carbon dioxide and water. The reaction is
Stoichiometric, which means that the proportions of the reactants are such
that there are exactly enough oxidizer molecules to bring about a complete
reaction to stable molecular forms in the products. The air enters the
combustor in a straight through flow, or reverse flow. Most aero-engines
have straight through flow type combustors. Most of the large frame type
units have reverse flow. The function of the recirculation zone is to evap-

Figure 1-23. A typical combustor can with straight through flow.
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orate, partly burn, and prepare the fuel for rapid combustion within the
remainder of the burning zone. Ideally, at the end of the burning zone, all
fuel should be burnt so that the function of the dilution zone is solely to mix
the hot gas with the dilution air. The mixture leaving the chamber should
have a temperature and velocity distribution acceptable to the guide vanes
and turbine. Generally, the addition of dilution air is so abrupt that if
combustion is not complete at the end of the burning zone, chilling occurs
which prevents completion. However, there is evidence with some chambers
that if the burning zone is run over-rich, some combustion does occur within
the dilution region. Figure 1-24 shows the distribution of the air in the
various regions of the combustor. The Theoretical or Reference Velocity
is the flow of combustor-inlet air through an area equal to the maximum
cross section of the combustor casing. The flow velocity is 25 fps (7.6 mps)
in a reverse-flow combustor; and between 80 fps (24.4mps) and 135fps
(41.1 mps) in a straight-through flow turbojet combustor.

Combustor inlet temperature depends on engine pressure ratio, load and
engine type, and whether or not the turbine is regenerative or nonregen-
erative especially at the low-pressure ratios. The new industrial turbine
pressure ratio’s are between 17:1, and 35:1, which means that the combustor
inlet temperatures range from 850 °F (454 °C) to 1200 °F (649 °C). The new
aircraft engines have pressure ratios, which are in excess of 40:1.

Combustor performance is measured by efficiency, the pressure decrease
encountered in the combustor, and the evenness of the outlet temperature
profile. Combustion efficiency is a measure of combustion completeness.
Combustion completeness affects fuel consumption directly, since the heat-
ing value of any unburned fuel is not used to increase the turbine inlet
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Figure 1-24. Air distribution in a typical combustor.
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temperature. Normal combustion temperatures range from 3400°F
(1871°C) to 3500°F (1927°C). At this temperature, the volume of nitric
oxide in the combustion gas is about 0.01%. If the combustion temperature
is lowered, the amount of nitric oxide is substantially reduced.

Typical Combustor Arrangements

There are different methods to arrange combustors on a gas turbine.
Designs fall into four categories:

1. Tubular (side combustors)
2. Can-annular

3. Annular

4. External (experimental)

Can-annular and Annular. In aircraft applications where frontal area
is important, either can-annular or annular designs are used to produce
favorable radial and circumferential profiles because of the great number
of fuel nozzles employed. The annular design is especially popular in new
aircraft designs; however, the can-annular design is still used because of the
developmental difficulties associated with annular designs. Annular com-
bustor popularity increases with higher temperatures or low-Btu gases, since
the amount of cooling air required is much less than in can-annular designs
due to a much smaller surface area. The amount of cooling air required
becomes an important consideration in low-BTU gas applications, since
most of the air is used up in the primary zone and little is left for film
cooling. Development of a can-annular design requires experiments with
only one can, whereas the annular combustor must be treated as a unit
and requires much more hardware and compressor flow. Can-annular com-
bustors can be of the straight-through or reverse-flow design. If can-annular
cans are used in aircraft, the straight-through design is used, while a reverse-
flow design may be used on industrial engines. Annular combustors are
almost always straight-through flow designs. Figure 1-25 shows a typical
Can Annular combustor used in Frame type units, with reverse flow. Figure
1-26 is a tubo-annular combustor used in aircraft-type combustors, and
Figure 1-27 is a schematic of an annular combustor in an aircraft gas
turbine.

Tubular (side combustors). These designs are found on large industrial
turbines, especially European designs, and some small vehicular gas turbines.
They offer the advantages of simplicity of design, ease of maintenance, and
long-life due to low heat release rates. These combustors may be of the
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Figure 1-25. A typical reverse flow can-annular combustor.

“straight-through” or “reverse-flow” design. In the reverse-flow design air
enters the annulus between the combustor can and its housing, usually a
hot-gas pipe to the turbine. Reverse-flow designs have minimal length.
Figure 1-28 shows one such combustor design.

External Combustor (experimental). The heat exchanger used for an
external-combustion gas turbine is a direct-fired air heater. The air heater’s
goal is to achieve high temperatures with a minimum pressure decrease. It
consists of a rectangular box with a narrow convection section at the top.
The outer casings of the heater consist of carbon steel lined with lightweight
blanket material for insulation and heat re-radiation.

The inside of the heater consists of wicket-type coils (inverted “U”)
supported from a larger-diameter inlet pipe, and a return header running
along the two lengths of the heater. The heater can have a number of passes
for air. The one shown in Figure 1-29 has four passes. Each pass consists of
11 wickets, giving a total of 44 wickets. The wickets are made of different
materials, since the temperature increases from about 300-1,700 °F. Thus,
the wickets can range from 304 stainless steel to RA330 at the high-
temperature ends. The advantage of the wicket design is that the smooth
transition of “U” tubes minimizes pressure drops. The U-shaped tubes also
allow the wicket to freely expand with thermal stress. This feature eliminates
the need for stress relief joints and expansion joints. The wickets are usually
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Figure 1-26. Tubo-annular combustion chamber for aircraft-type gas turbines.

mounted on a rollaway section to facilitate cleaning, repairs, or coil replace-
ment after a long period of use.

A horizontally fired burner is located at one end of the heater. The flame
extends along the central longitudinal axis of the heater. In this way the
wickets are exposed to the open flame and can be subjected to a maximum
rate of radiant heat transfer. The tubes should be sufficiently far away from
the flame to prevent hot spots or flame pinching.

The air from the compressor enters the inlet manifold and is distributed
through the first wicket set. A baffle in the inlet prevents the air flow from
continuing beyond that wicket set. The air is then transferred to the return
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Figure 1-27. Annular combustion chamber.

header and proceeds further until it encounters a second baffle. This
arrangement yields various passes and helps to minimize the pressure drop
due to friction. The air is finally returned to the end section of the inlet
manifold and exits to the inlet gas turbine.

The burner should be designed for handling preheated combustion air.
Preheated combustion air is obtained by diverting part of the exhaust from
the gas turbine. The air from the turbine is clean, hot air. To recover
additional heat energy from the exhaust flue gases, a steam coil is placed
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Figure 1-28. A typical single can side combustor.

in the convection section of the heater. The steam is used for steam injection
into the compressor discharge or to drive a steam turbine. The flue gas
temperature exiting from the heater should be around 600 °F (316°C).

Fuel Type

Natural gas is the fuel of choice wherever it is available because of its clean
burning and its competitive pricing as seen in Figure 1-30. Prices for Uran-
ium, the fuel of nuclear power stations, and coal, the fuel of the steam power
plants, have been stable over the years and have been the lowest. Environ-
mental, safety concerns, high initial cost, and the long time from planning to
production has hurt the nuclear and steam power industries. Whenever oil or
natural gas is the fuel of choice, gas turbines and combined cycle plants are
the power plant of choice as they convert the fuel into electricity very
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Figure 1-29. An external fired combustor with four passes.

efficiently and cost effectively. It is estimated that from 1997-2006 23% of
the plants will be combined cycle power plants, and that 7% will be gas
turbines. It should be noted that about 40% of gas turbines are not operated
on natural gas.

The use of natural gas has increased and in the year 2000, has reached
prices as high as US$4.50 in certain parts of the U.S. This will bring other
fuels onto the market to compete with natural gas as the fuel source.
Figure 1-31 shows the growth of the natural gas as the fuel of choice in the
United States, especially for power generation. This growth is based on
completion of a good distribution system. This signifies the growth of
combined cycle power plants in the United States.

Figure 1-32 shows the preference of natural gas throughout the world.
This is especially true in Europe where 71% of the new power is expected to
be fueled by natural gas, Latin America where 73% of the new power is
expected to be fueled by natural gas, and North America where 84% of the
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Figure 1-30. Typical fuel costs per million BTUs.

new power is expected to be fueled by natural gas. This means a substantial
growth of combined cycle power plants.

The new gas turbines also utilize Low NO, combustors to reduce the NO,
emissions, which otherwise would be high due to the high firing temperature
of about 2300°F (1260°C). These low NOy combustors require careful
calibration to ensure an even firing temperature in each combustor. New
types of instrumentation such as dynamic pressure transducers have been
found to be effective in ensuring steady combustion in each of the combustors.
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Figure 1-31. Projected natural gas consumption 2000-2020.
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Environmental Effects

The use of natural gas and the use of the new dry low NO, combustors
have reduced NO; levels below 10 ppm. Figure 1-33 shows how in the past
30 years the reduction of NOy by first the use of steam (wet combustors)
injection in the combustors, and then in the 1990s, the dry low NO,
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Figure 1-32. Technology trends indicate that natural gas is the fuel of choice.
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Figure 1-33. Control of gas turbine NO, emissions over the years.
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combustors have greatly reduced the NO, output. New units under devel-
opment have goals, which would reduce NO, levels below 9 ppm. Catalytic
converters have also been used in conjunction with both these types of
combustors to even further reduce the NO, emissions.

New research in combustors such as catalytic combustion have great
promise, and values of as low as 2ppm can be attainable in the future.
Catalytic combustors are already being used in some engines under the
U.S. Department of Energy’s (DOE), Advanced Gas Turbine Program,
and have obtained very encouraging results.

Turbine Expander Section

There are two types of turbines used in gas turbines. These consist of the
axial-flow type and the radial-inflow type. The axial-flow turbine is used in
more than 95% of all applications.

The two types of turbines—axial-flow and radial-inflow turbines—can be
divided further into impulse or reaction type units. Impulse turbines take
their entire enthalpy drop through the nozzles, while the reaction turbine
takes a partial drop through both the nozzles and the impeller blades.

Radial-Inflow Turbine

The radial-inflow turbine, or inward-flow radial turbine, has been in use
for many years. Basically a centrifugal compressor with reversed flow and
opposite rotation, the inward-flow radial turbine is used for smaller loads
and over a smaller operational range than the axial turbine.

Radial-inflow turbines are only now beginning to be used because little
was known about them heretofore. Axial turbines have enjoyed tremendous
interest due to their low frontal area, making them suited to the aircraft
industry. However, the axial machine is much longer than the radial
machine, making it unsuited to certain applications. Radial turbines are
used in turbochargers and in some types of expanders.

The inward-flow radial turbine has many components similar to a cen-
trifugal compressor. There are two types of inward-flow radial turbines: the
cantilever and the mixed-flow. The cantilever type in Figure 1-34 is similar to
an axial-flow turbine, but it has radial blading. However, the cantilever
turbine is not popular because of design and production difficulties.

Mixed-Flow Turbine. The turbine as shown in Figure 1-35, is almost
identical to a centrifugal compressor—except its components have different
functions. The scroll is used to distribute the gas uniformly around the
periphery of the turbine.
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Figure 1-35. Mixed flow type radial inflow turbine.
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Figure 1-36. Components of a Radial Inflow Turbine.

The nozzles, used to accelerate the flow toward the impeller tip, are
usually straight vanes with no airfoil design. The vortex is a vaneless space
and allows an equalization of the pressures. The flow enters the rotor
radially at the tip with no appreciable axial velocity and exits the rotor
through the exducer axially with little radial velocity.

The nomenclature of the Inward-Flow Radial Turbine is shown in
Figure 1-36. These turbines are used because of lower production costs, in
part because the nozzle blading does not require any camber or airfoil
design.

Axial-Flow Turbines

The axial-flow turbine, like its counterpart the axial-flow compressor, has
flow, which enters and leaves in the axial direction. There are two types of axial
turbines: (1) impulse type, and (2) reaction type. The impulse turbine has its
entire enthalpy drop in the nozzle; therefore it has a very high velocity entering
the rotor. The reaction turbine divides the enthalpy drop in the nozzle and the
rotor. Figure 1-37 is a schematic of an axial-flow turbine, also depicting the
distribution of the pressure, temperature and the absolute velocity.

Most axial flow turbines consist of more than one stage, the front stages
are usually impulse (zero reaction) and the later stages have about 50%
reaction. The impulse stages produce about twice the output of a compar-
able 50% reaction stage, while the efficiency of an impulse stage is less than
that of a 50% reaction stage.

The high temperatures that are now available in the turbine section
are due to improvements of the metallurgy of the blades in the turbines.
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Figure 1-37. Schematic of an axial flow turbine.

Development of directionally solidified blades as well as the new single
crystal blades, with the new coatings, and the new cooling schemes, are
responsible for the increase in firing temperatures. The high-pressure ratio
in the compressor also causes the cooling air used in the first stages of the
turbine to be very hot. The temperatures leaving the gas turbine compressor
can reach as high as 1200°F (649 °C). Thus, the present cooling schemes
need revisiting and the cooling passages are in many cases also coated. The
cooling schemes are limited in the amount of air they can use, before there is
a negating an effort in overall thermal efficiency due to an increase in the
amount of air used in cooling. The rule of thumb in this area is that if you
need more than 8% of the air for cooling you are loosing the advantage from
the increase in the firing temperature.

The new gas turbines being designed, for the new millennium, are inves-
tigating the use of steam as a cooling agent for the first and second stages of
the turbines. Steam cooling is possible in the new combined cycle power
plants, which is the base of most of the new High Performance Gas Tur-
bines. Steam as part of the cooling as well as part of the cycle power will be
used in the new gas turbines in the combined cycle mode. The extra power
obtained by the use of steam is the cheapest MW/$ available. The injection
of about 5% of steam by weight of air amounts to about 12% more power.
The pressure of the injected steam must be at least 60 psi (4 Bar) Bar above
the compressor discharge. The way steam is injected must be done very
carefully so as to avoid compressor surge. These are not new concepts and
have been used and demonstrated in the past. Steam cooling for example was
the basis of the cooling schemes proposed by the team of United Technology
and Stal-Laval in their conceptual study for the U.S. Department study on the
High Turbine Temperature Technology Program, which was investigating
Firing Temperatures of 3000 °F (1649 °C), in the early 1980s.
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Materials

The development of new materials as well as cooling schemes has seen the
rapid growth of the turbine firing temperature leading to high turbine
efficiencies. The stage 1 blade must withstand the most severe combination
of temperature, stress, and environment; it is generally the limiting compon-
ent in the machine. Figure 1-38 shows the trend of firing temperature and
blade alloy capability. Since 1950, turbine bucket material temperature
capability has advanced approximately 850°F (472°C), approximately
20°F/10°C per year. The importance of this increase can be appreciated
by noting that an increase of 100 °F (56 °C) in turbine firing temperature can
provide a corresponding increase of 8-13% in output and 2-4% improve-
ment in simple-cycle efficiency. Advances in alloys and processing, while
expensive and time-consuming, provide significant incentives through
increased power density and improved efficiency.

The increases in blade alloy temperature capability accounted for the
majority of the firing temperature increase until air-cooling was introduced,
which decoupled firing temperature from the blade metal temperature. Also,
as the metal temperatures approached the 1600 °F (870 °C) range, hot corro-
sion of blades became more life limiting than strength until the introduction
of protective coatings. During the 1980s, emphasis turned toward two major
areas: improved materials technology, to achieve greater blade alloy cap-
ability without sacrificing alloy corrosion resistance; and advanced, highly
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Figure 1-38. Firing temperature increase with blade material improvement.
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sophisticated air-cooling technology to achieve the firing temperature cap-
ability required for the new generation of gas turbines. The use of steam
cooling to further increase combined-cycle efficiencies in combustors was
introduced in the mid to late 1990s. Steam cooling in blades and nozzles will
be introduced in commercial operation in the year 2002.

In the 1980s, IN-738 blades were widely used. IN-738, was the acknow-
ledged corrosion standard for the industry. Directionally Solidified (DS)
blades, first used in aircraft engines more than 25 years ago, were adapted
for use in large airfoils in the early 1990s and were introduced in the large
industrial turbines to produce advanced technology nozzles and blades. The
directionally solidified blade has a grain structure that runs parallel to the
major axis of the part and contains no transverse grain boundaries, as in
ordinary blades. The elimination of these transverse grain boundaries con-
fers additional creep and rupture strength on the alloy, and the orientation
of the grain structure provides a favorable modulus of elasticity in the
longitudinal direction to enhance fatigue life. The use of directionally solid-
ified blades results in a substantial increase in the creep life, or substantial
increase in tolerable stress for a fixed life. This advantage is due to the
elimination of transverse grain boundaries from the blades, the traditional
weak link in the microstructure. In addition to improved creep life, the
directionally solidified blades possess more than 10 times the strain control
or thermal fatigue compared to equiaxed blades. The impact strength of the
directionally solidified blades is also superior to that of equiaxed, showing
an advantage of more than 33%.

In the late 1990s, single-crystal blades have been introduced in gas tur-
bines. These blades offer additional, creep and fatigue benefits through the
elimination of grain boundaries. In single-crystal material, all grain bound-
aries are eliminated from the material structure and a single crystal with
controlled orientation is produced in an airfoil shape. By eliminating all
grain boundaries and the associated grain boundary strengthening additives,
a substantial increase in the melting point of the alloy can be achieved, thus
providing a corresponding increase in high-temperature strength. The trans-
verse creep and fatigue strength is increased, compared to equiaxed or DS
structures. The advantage of single-crystal alloys compared to equiaxed and
DS alloys in low-cycle fatigue (LCF) life is increased by about 10%.

Coatings
There are three basic types of coatings, thermal barrier coatings, diffusion

coatings, and plasma sprayed coatings. The advancements in coating have
also been essential in ensuring that the blade base metal is protected at these
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high temperatures. Coatings ensure that the life of the blades are extended
and in many cases are used as sacrificial layer, which can be stripped and
recoated. Life of coatings depends on composition, thickness, and the stand-
ard of evenness to which it has been deposited. The general type of coatings
is very little different from the coatings used 10-15 years ago. These include
various types of diffusion coatings such as Aluminide Coatings originally
developed nearly 40 years ago. The thickness required is between 25-75 um
thick. The new aluminide coatings with Platinum increase the oxidation
resistance, and also the corrosion resistance. The thermal barrier coatings
have an insulation layer of 100-300 um thick, and are based on ZrO,-Y203
and can reduce metal temperatures by 120-300 °F (50—-150 °C). This type of
coating is used in combustion cans, transition pieces, nozzle guide vanes, and
also blade platforms.

The interesting point to note is that some of the major manufacturers are
switching away from corrosion protection biased coatings over towards
coatings, which are not only oxidation resistant, but also oxidation resistant
at higher metal temperatures. Thermal barrier coatings are being used on the
first few stages in all the advanced technology units. The use of internal
coatings is getting popular due to the high temperature of the compressor
discharge, which results in oxidation of the internal surfaces. Most of these
coatings are aluminide type coatings. The choice is restricted due to access
problems to slurry based, or gas phase/chemical vapor deposition. Care
must be taken in production, otherwise internal passages may be blocked.
The use of pyrometer technology on some of the advanced turbines has
located blades with internal passages blocked causing that blade to operate
at temperatures of 95-158 °F (35-70°C).

Gas Turbine Heat Recovery

The waste heat recovery system is a critically important subsystem of a
cogeneration system. In the past, it was viewed as a separate “add-on” item.
This view is being changed with the realization that good performance, both
thermodynamically and in terms of reliability, grows out of designing the
heat recovery system as an integral part of the overall system.

The gas turbine exhaust gases enter the Heat Recovery Steam Generating
(HRSG), where the energy is transferred to the water to produce steam.
There are many different configurations of the HRSG units. Most HRSG
units are divided into the same amount of sections as the steam turbine. In
most cases, each section of the HRSG has a Pre-heater, an Economizer and
Feed-water, and then a Superheater. The steam entering the steam turbine is
superheated.
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The most common type of an HRSG in a large Combined Cycle Power is
the drum type HRSG with forced circulation. These types of HRSGs are
vertical, the exhaust gas flow is vertical with horizontal tube bundles sus-
pended in the steel structure. The steel structure of the HRSG supports the
drums. In a forced circulation HRSG, the steam water mixture is circulated
through evaporator tubes using a pump. These pumps increase the parasitic
load and thus detract from the cycle efficiency. In this type of HRSG the
heat transfer tubes are horizontal, suspended from un-cooled tube supports
located in the hot gas path. Some vertical HRSGs are designed with evap-
orators, which operate without the use of circulation pumps.

The Once Through Steam Generators (OTSG) are finding quick accept-
ance due to the fact that they have smaller foot prints, and can be installed in
a much shorter time and lower price. The Once Through Steam Generators
unlike other HRSGs do not have defined economizer, evaporator, or super-
heater sections. Figure 1-39 is the schematic of an OTSG system, and a
drum-type HRSG. The OTSG is basically one tube; water enters at one end
and steam leaves at the other end, eliminating the drum and circulation
pumps. The location of the water to steam interface is free to move, depend-
ing on the total heat input from the gas turbine, and flow rates and pressures
of the Feedwater, in the tube bank. Unlike other HRSGs, the once-through
units have no steam drums.
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Figure 1-39. Comparison of a drum type HRSG to a once through steam
generator. (Courtesy Innovative Steam Technologies.)
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Some important points and observations relating to gas turbine waste heat
recovery are:

Multipressure Steam Generators—These are becoming increasingly
popular. With a single pressure boiler, there is a limit to the heat recovery
because the exhaust gas temperature cannot be reduced below the steam
saturation temperature. This problem is avoided by the use of multipressure
levels.

Pinch Point—This is defined as the difference between the exhaust gas
temperature leaving the evaporator section and the saturation temperature
of the steam. Ideally, the lower the pinch point, the more heat recovered,
but this calls for more surface area and, consequently, increases the back-
pressure and cost. Also, excessively low pinch points can mean inadequate
steam production if the exhaust gas is low in energy (low mass flow or
low exhaust gas temperature). General guidelines call for a pinch point of
15-40°F (8-22°C). The final choice is obviously based on economic
considerations.

Approach Temperature—This is defined as the difference between the
saturation temperatures of the steam and the inlet water. Lowering the
approach temperature can result in increased steam production, but at
increased cost. Conservatively high-approach temperatures ensure that no
steam generation takes place in the economizer. Typically, approach
temperatures are in the 10-20°F (5.5-11°C) range. Figure 1-40 is the
temperature energy diagram for a system and also indicates the approach
and pinch points in the system.

Off-Design Performance—This is an important consideration for waste
heat recovery boilers. Gas turbine performance is affected by load, ambient
conditions, and gas turbine health (fouling, etc.). This can affect the exhaust
gas temperature and the air flow rate. Adequate considerations must be
given to bow steam flows (low pressure and high pressure) and superheat
temperatures vary with changes in the gas turbine operation.

Evaporators—These usually utilize a fin-tube design. Spirally finned tubes
of 1.25 in to 2 in outer diameter (OD) with three to six fins per inch are
common. In the case of unfired designs, carbon steel construction can be
used and boilers can run dry. As heavier fuels are used, a smaller number of
fins per inch should be utilized to avoid fouling problems.

Forced Circulation System—Using forced circulation in a waste heat
recovery system allows the use of smaller tube sizes with inherent increased
heat transfer coefficients. Flow stability considerations must be addressed.
The recirculating pump is a critical component from a reliability standpoint
and standby (redundant) pumps must be considered. In any event, great care
must go into preparing specifications for this pump.
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Figure 1-40. Energy transfer diagram in an HRSG of a combined cycle power
plant.

Back Pressure Considerations (Gas Side )—These are important, as exces-
sively high back-pressures create performance drops in gas turbines. Very
low-pressure drops would require a very large heat exchanger and more
expense. Typical pressure drops are 8—10 inches of water.
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Supplementary Firing of Heat Recovery Systems

There are several reasons for supplementary firing a wasteheat recovery
unit. Probably the most common is to enable the system to track demand
(i.e., produce more steam when the load swings upwards, than the unfired
unit can produce). This may enable the gas turbine to be sized to meet the
base load demand with supplemental firing taking care of higher load
swings. Figure 1-41 shows a schematic of a supplementary fired exhaust
gas steam generator.

Raising the inlet temperature at the waste heat boiler allows a significant
reduction in the heat transfer area and, consequently, the cost. Typically, as the
gas turbine exhaust has ample oxygen, duct burners can be conveniently used.

An advantage of supplemental firing is the increase in heat recovery
capability (recovery ratio). A 50% increase in heat input to the system
increases the output 94%, with the recovery ratio increasing by 59%. Some
important design guidelines to ensure success include:

e Special alloys may be needed in the superheater and evaporator to
withstand the elevated temperatures.

e The inlet duct must be of sufficient length to ensure complete combus-
tion and avoid direct flame contact on the heat transfer surfaces.

FPO

Figure 1-41. Supplementary fired exhaust gas steam generator.
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e If natural circulation is utilized, an adequate number of risers and
feeders must be provided as the heat flux at entry is increased.
e Insulation thickness on the duct section must be increased.

Instrumentation and Controls

The advanced gas turbines are all digitally controlled and incorporate on-
line condition monitoring. The addition of new on-line monitoring requires
new and smart instrumentation. The use of pyrometers to sense blade metal
temperatures are being introduced. The blade metal temperatures are the
real concern not the exit gas temperature. The use of dynamic pressure
transducers for detection of surge and other flow instabilities in the com-
pressor and also in the combustion process especially in the new Low NO,
Combustors, are being introduced. Accelerometers are being introduced to
detect high-frequency excitation of the blades, this prevents major failures in
the new highly loaded gas turbines.

The use of pyrometers in control of the advanced gas turbines is being
investigated. Presently, all turbines are controlled based on gassifier turbine
exit temperatures, or power turbine exit temperatures. By using the blade
metal temperatures of the first section of the turbine the gas turbine is being
controlled at its most important parameter, the temperature of the first stage
nozzles and blades. In this manner, the turbine is being operated at its real
maximum capability.

The use of dynamic pressure transducers gives early warning of problems
in the compressor. The very high pressure in most of the advanced gas
turbines cause these compressors to have a very narrow operating range
between surge and choke. Thus, these units are very susceptible to dirt and
blade vane angles. The early warning provided by the use of dynamic
pressure measurement at the compressor exit can save major problems
encountered due to tip stall and surge phenomenon.

The use of dynamic pressure transducer in the combustor section, espe-
cially in the Low NO, Combustors ensures that each combustor can is
burning evenly. This is achieved by controlling the flow in each combustor
can till the spectrums obtained from each combustor can match. This
technique has been used and found to be very effective and ensures smooth
operation of the turbine.

Performance monitoring not only plays a major role in extending life,
diagnosing problems, and increasing time between overhauls, but also can
provide major savings on fuel consumption by ensuring that the turbine is
being operated at its most efficient point. Performance monitoring requires
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Combined Cycle Power Plant Life Cycle Cost

Initial Cost
8%
Maintenance Cost
17%

m Initial Cost
m Maintenance Cost
1 Fuel cost
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Figure 1-42. Plant life cycle cost for a combined cycle power plant.

an in-depth understanding of the equipment being measured. The develop-
ment of algorithms for a complex train needs careful planning, understand-
ing of the machinery and process characteristics. In most cases, help from
the manufacturer of the machinery would be a great asset. For new equip-
ment this requirement can and should be part of the bid requirements. For
plants with already installed equipment a plant audit to determine the plant
machinery status is the first step. Figure 1-42 shows the cost distribution
over the life cycle of gas turbine plant. It is interesting to note that the initial
cost runs about 8% of the total life cycle cost, and the operational and
maintenance cost is about 17%, and the fuel cost is abut 75%.
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Theoretical and Actual
Cycle Analysis

The thermodynamic analysis presented here is an outline of the air-
standard Brayton cycle and its various modifications. These modifications
are evaluated to examine the effects they have on the basic cycle. One of
the most important is the augmentation of power in a gas turbine, this
is treated in a special section in this chapter.

The Brayton Cycle

The Brayton cycle in its ideal form consists of two isobaric processes and
two isentropic processes. The two isobaric processes consist of the combus-
tor system of the gas turbine and the gas side of the HRSG. The two
isentropic processes represent the compression (Compressor) and the expan-
sion (Turbine Expander) processes in the gas turbine. Figure 2-1 shows the
Ideal Brayton Cycle.

A simplified application of the first law of thermodynamics to the air-
standard Brayton cycle in Figure 2-1 (assuming no changes in kinetic and
potential energy) has the following relationships:

Work of compressor

We = ritg(hy — ) (2-1)
Work of turbine

Wi = (it + 1itg) (hs — ha) (2-2)

58
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Figure 2-1. The air-standard Brayton cycle.

Total output work

Weye = W, — W, (2-3)

Heat added to system

023 = nyxLH Ve = (ri1y + 1itg) (h3) — rirghy (2-4)

Thus, the overall cycle efficiency is

Neye = Weye/ Qa3 (2-5)

Increasing the pressure ratio and the turbine firing temperature
increases the Brayton cycle efficiency. This relationship of overall cycle

efficiency is based on certain simplification assumptions such as: (1)
i, > miy, (2) the gas is caloricaly and thermally perfect, which means that



60  Gas Turbine Engineering Handbook

the specific heat at constant pressure (c,) and the specific heat at constant
volume (c,) are constant thus the specific heat ratio + remains constant
throughout the cycle, (3) the pressure ratio (r,) in both the compressor and
the turbine are the same, and (4) all components operate at 100% efficiency.
With these assumptions the effect on the ideal cycle efficiency as a function
of pressure ratio for the ideal Brayton cycle operating between the ambient
temperature and the firing temperature is given by the following relation-
ship:

1
Mideal = | | ——= (2-6)

7
p

where Pr = Pressure Ratio; and +y is the ratio of the specific heats. The above
equation tends to go to very high numbers as the pressure ratio is increased.

Assuming that the pressure ratio is the same in both the compressor and
the turbine the following relationships hold using the pressure ratio in the
compressor:

T
Nideal = 1 — ?; (2-7)

and using the pressure ratio in the turbine

Ty

T (2-8)

Mideal = 1

In the case of the actual cycle the effect of the turbine compressor (7.), and
expander (7,) efficiencies must also be taken into account, to obtain the
overall cycle efficiency between the firing temperature 7y and the ambient
temperature 7T,y of the turbine. This relationship is given in the following
equation:

=)
Tamblp
0Ty — —dm; u 1
Neycle = < (Ll) 1-— E (2-9)
rp =1 rp

Tf - Tamb - Tamb

C
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Figure 2-2 shows the effect on the overall cycle efficiency of the increasing
pressure ratio and the firing temperature. The increase in the pressure
ratio increases the overall efficiency at a given firing temperature; however,
increasing the pressure ratio beyond a certain value at any given firing
temperature can actually result in lowering the overall cycle efficiency. It
should also be noted that the very high-pressure ratios tend to reduce the
operating range of the turbine compressor. This causes the turbine compres-
sor to be much more intolerant to dirt build up in the inlet air filter and on
the compressor blades and creates large drops in cycle efficiency and perform-
ance. In some cases, it can lead to compressor surge, which in turn can lead
to a flameout, or even serious damage and failure of the compressor blades
and the radial and thrust bearings of the gas turbine.

To obtain a more accurate relationship between the overall thermal
efficiency and the inlet turbine temperatures, overall pressure ratios, and
output work, consider the following relationships. For maximum overall
thermal cycle efficiency, the following equation gives the optimum pressure
ratio for fixed inlet temperatures and efficiencies to the compressor and
turbine:

1
T\ T — T T3 + T}
- \/(T1 Tyn)* = (Ti Tsn, = T Ts + T2)(T3nen — Ty Tsnen, + T Tsm )]}
(2-10)

(rp)eopt = { [Tl T3n,
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Figure 2-2. Overall cycle efficiency as a function of the firing temperature and
pressure ratio. Based on a compressor efficiency of 87% and a turbine efficiency of
92%.
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the above equation for no losses in the compressor and turbine (. = n, = 1)
reduces to:

T‘T3> (2-11)

e = (2"
PJeopt le

The optimum pressure ratio for maximum output work for a turbine
taking into account the efficiencies of the compressor and the turbine
expander section can be expressed by the following relationship:

| (T5men, 17
rpwopt - |:( 2T] )+ E (2-12)

Figure 2-3 shows the optimum pressure ratio for maximum efficiency or
work per 1b (kg) of air. The optimum pressure ratio based on work occurs at
a lower pressure ratio than the point of maximum efficiency at the same
firing Temperature.

Thus, a cursory inspection of the efficiency indicate that the overall
efficiency of a cycle can be improved by increasing the pressure ratio, or
increasing the turbine inlet temperature, and the work per 1b (kg) of air can
be increased by increasing the pressure ratio, or increasing the turbine inlet
temperature, or by decreasing the inlet temperature.
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Figure 2-3. Pressure ratio based on maximum efficiency or work at various firing
temperatures. Based on a compressor efficiency of 87% and a turbine efficiency of
92%.
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Regeneration Effect

In a simple gas turbine cycle the turbine exit temperature is nearly always
appreciably higher than the temperature of the air leaving the compressor.
Obviously, the fuel requirement can be reduced by the use of a regenerator in
which the hot turbine exhaust gas preheats the air between the compressor
and the combustion chamber. Figure 2-4 shows a schematic of the regen-
erative cycle and its performance in the T-S diagram. In an ideal case the
flow through the regenerator is at constant pressure. The regenerator effect-
iveness is given by the following relationship:
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Figure 2-4. The regenerative gas turbine cycle.
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- I3-T
Treg = Ts— T, (2-13)

Thus, the overall efficiency for this system’s cycle can be written as

(T4 = T5) — (T, - Th)

- 214
TRCYC (T =Ty (2-14)

Increasing the effectiveness of a regenerator calls for more heat transfer
surface area, which increases the cost, the pressure drop, and the space
requirements of the unit.

Figure 2-5 shows the improvement in cycle efficiency because of heat
recovery with respect to a simple open-cycle gas turbine of 4.33:1 ratio
pressure and 1,200°F inlet temperature. Cycle efficiency drops with an
increasing pressure drop in the regenerator.

There are two types of heat exchangers Regenerative and Recuperative.
The term “regenerative heat exchanger” is used for a system in which the
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Figure 2-5. Variation of a gas turbine cycle efficiency with heat exchanger per-
formance.
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heat transfer between two streams is affected by the exposure of a third
medium alternately to the two flows. The heat flows successively into and
out of the third medium, which undergoes a cyclic temperature. These types
of heat exchangers are widely used where compactness is essential. The
automotive regenerators consisted of a large circular drum with honey-
combed ceramic passages. The drum was rotated at a very low rpm
(10-15 rpm). The drum surface was divided into two halves by an air seal.
The hot air would pass through one half of the circular drum heating the
honeycombed passages the air would encounter, then the cooler air would
pass through these same passages as the drum was rotated and would be
heated.

In a recuperative heat exchanger, each element of heat-transferring surface
has a constant temperature and, by arranging the gas paths in contra-flow,
the temperature distribution in the matrix in the direction of flow is
that giving optimum performance for the given heat-transfer conditions.
This optimum temperature distribution can be achieved ideally in a con-
tra-flow regenerator and approached very closely in a cross-flow regenera-
tor.

The matrix permitting the maximum flow per unit areca will yield the
smaller regenerator for a given thermal and pressure drop performance. A
material with a high heat capacity per unit volume is preferred, since this
property of the material will increase the switching time and tend to reduce
carry-over losses. Another desirable property of the arrangement is low
thermal conductivity in the direction of the gas flow. All leakages within
the regenerator must be avoided. A leakage of 3% reduces the regenerator
effectiveness from 80-71%.

Increasing the Work Output of the Simple Cycle Gas Turbine
The way to enhance the power output of a gas turbine can be achieved by
intercooling and reheat.

Intercooling and Reheat Effects. The net work of a gas turbine cycle is
given by
chc = Wt - Wc (2'15)

and can be increased either by decreasing the compressor work or by
increasing the turbine work. These are the purposes of intercooling and
reheating, respectively.
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Figure 2-6. Multistages compression with intercooling.

Multi-staging of compressors is sometimes used to allow for cooling
between the stages to reduce the total work input. Figure 2-6 shows a
polytropic compression process 1-a on the P-V plane. If there is no change
in the kinetic energy, the work done is represented by the area 1-a-j-k-1. A
constant temperature line is shown as 1-x. If the polytropic compression
from State 1 to State 2 is divided into two parts, 1-c and d-e with constant
pressure cooling to T; = T between them, the work done is represented by
area 1-c-d-e-I1-k-1. The area c-a-e-d-c represents the work saved by means of
the two-stage compression with intercooling to the initial temperature. The
optimum pressure for intercooling for specified values P, and P, is:

Popr =/ P1 P> (2-16)

Therefore, if a simple gas turbine cycle is modified with the compression
accomplished in two or more adiabatic processes with intercooling between
them, the net work of the cycle is increased with no change in the turbine
work.

The thermal efficiency of an ideal simple cycle is decreased by the addition
of an intercooler. Figure 2-7 shows the schematic of such a cycle. The ideal
simple gas turbine cycle is 1-2-3-4-1, and the cycle with the intercooling
added is 1-a-b-c-2-3-4-1. Both cycles in their ideal form are reversible and
can be simulated by a number of Carnot cycles. Thus, if the simple gas
turbine cycle 1-2-3-4-1 is divided into a number of cycles like m-n-o0-p-m,
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Figure 2-7. The intercooled gas turbine cycle.

these little cycles approach the Carnot cycle as their number increases. The
efficiency of such a Carnot cycle is given by the relationship

Tr”
ncarNot = 1 — — (2-17)

3

Notice that if the specific heats are constant, then

-1
Ts T, T» (P)\7
23 _dm_Z2_ (D2 2-18
T, T, T, (P,) (2-18)

All the Carnot cycles making up the simple gas turbine cycle have the
same efficiency. Likewise, all of the Carnot cycles into which the cycle
a-b-c-2-a might similarly be divided have a common value of efficiency lower
than the Carnot cycles which comprise cycle 1-2-3-4-1. Thus, the addition of
an intercooler, which adds a-b-c-2-a to the simple cycle, lowers the efficiency
of the cycle.

The addition of an intercooler to a regenerative gas turbine cycle increases
the cycle’s thermal efficiency and output work because a larger portion of
the heat required for the process ¢-3 in Figure 2-7 can be obtained from the
hot turbine exhaust gas passing through the regenerator instead of from
burning additional fuel.

The reheat cycle increases the turbine work, and consequently the net
work of the cycle, can be increased without changing the compressor work
or the turbine inlet temperature by dividing the turbine expansion into two
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or more parts with constant pressure heating before each expansion. This
cycle modification is known as reheating as seen in Figure 2-8. By reasoning
similar to that used in connection with Intercooling, it can be seen that the
thermal efficiency of a simple cycle is lowered by the addition of reheating,
while the work output is increased. However, a combination of regenerator
and reheater can increase the thermal efficiency.

Actual Cycle Analysis

The previous section dealt with the concepts of the various cycles. Work
output and efficiency of all actual cycles are considerably less than those of
the corresponding ideal cycles because of the effect of compressor, combus-
tor, and turbine efficiencies and pressure losses in the system.

The Simple Cycle

The simple cycle is the most common type of cycle being used in gas
turbines in the field today. The actual open simple cycle as shown in Figure
2-9 indicates the inefficiency of the compressor and turbine and the loss in
pressure through the burner. Assuming the compressor efficiency is 7, and
the turbine efficiency is 7;, then the actual compressor work and the actual
turbine work is given by:

Wea = mg(hy — ) /e (2-19)
Wi = (ma + mf) (h3a - h4)77, (2'20)
Q Q
T 3 5
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! 6
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Figure 2-8. Reheat cycle and T-S diagram.
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S

Figure 2-9. T-S diagram of the actual open simple cycle.

Thus, the actual total output work is
Wt = Wea — Wea (2-21)
The actual fuel required to raise the temperature from 2a to 3a is

h3a - h2a

" wH ),

(2-22)

Thus, the overall adiabatic thermal cycle efficiency can be calculated from
the following equation:

Wact

~ iy (LHV) (323

Ne

Analysis of this cycle indicates that an increase in inlet temperature to the
turbine causes an increase in the cycle efficiency. The optimum pressure ratio
for maximum efficiency varies with the turbine inlet temperature from an
optimum of about 15.5:1 at a temperature of 1500 °F (816 °C) to about 43:1
at a temperature of about 2400 °F (1316°C). The pressure ratio for max-
imum work, however, varies from about 11.5:1 to about 35:1 for the same
respective temperatures.



70 Gas Turbine Engineering Handbook

50
45
. 2400°F 2600°F 2800°F 3000°F
2 2zt 1316°C_y, 40 1427°CH 1538°C N 1649°C
30
—_ ~ \\620 ’}
a5
hae Y 3 15 —o— 1800
'/4—\—\\\ . y s

30 . 2000
f:>" / - - /’7/</“/‘K / / — 220
5§25 / — —X%— 2400
Q2 +
E 1800°F ~ 2000°F Pr :>5</ / —k— 2600

20 962°C 1094°C —e— 2500

15 —— 3000

5

10

5

40.00 60.00 80.00 100.00 120.00 140.00 160.00 180.00 200.00 220.00 240.00 260.00

Net Output Work (btu/lb-air)

Figure 2-10. The performance map of a simple cycle gas turbine.

Thus, from Figure 2-10, it is obvious that for maximum performance, a
pressure ratio of 30:1 at a temperature of 2800 °F (1537 °C) is optimal. Use
of an axial-flow compressor requires 16-24 stages with a pressure ratio of
1.15-1.25:1 per stage. A 22-stage compressor producing a 30:1 pressure ratio
is a relatively conservative design. If the pressure ratio were increased to
1.252:1 per stage, the number of stages would be about 16. The latter
pressure ratio has been achieved with high efficiencies. This reduction in
number of stages means a great reduction in the overall cost. Turbine
temperatures increases give a great rise in efficiency and power, so tempera-
tures in the 2400 °F (1316 °C) range at the turbine inlet are becoming the
state-of-art.

The Split-Shaft Simple Cycle

The split-shaft simple cycle is mainly used for high torque and large load
variant. Figure 2-11 is a schematic of the two-shaft simple cycle. The first
turbine drives the compressor; the second turbine is used as a power source.
If one assumes that the number-of-stages in a split-shaft simple cycle are
more than that in a simple shaft cycle, then the efficiency of the split-shaft
cycle is slightly higher at design loads because of the reheat factor, as seen in
Figure 2-12. However, if the number-of-stages are the same, then there is no
change in overall efficiency. From the H-S diagram one can find some
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Figure 2-11. The split-shaft gas turbine cycle.

relationships between turbines. Since the job of the high-pressure turbine is
to drive the compressor, the equations to use are:

/’l4a = /13 — Wca (2'24)
hy = h3 - (Wca/m) (2'25)
Thus, the output work can be represented by the relationship:

W, = (mu + ﬁ?/‘)(hmz - h5>77t (2-26)

In the split-shaft cycle the first shaft supports the compressor and the
turbine that drives it, while the second shaft supports the free turbine that
drives the load. The two shafts can operate at entirely different speeds. The



72 Gas Turbine Engineering Handbook

first turbine only drives the compressor

40~ T=2660°R
—_ T=2460°R 185 5
X T=2260°R 185 A
= 185 145 ;
by T=2060°R : 0s
2 T=1860°R 192
£
[T
® 20
£
e
@
E 'l‘" 16 16

10

—-Ww
| 1 1 | |

| 1
10 30 50 70 90 110 130 150
net output work (Btu/lb-air)

Figure 2-12. Performance map showing the effect of pressure ratio and turbine
inlet temperature on a split shaft cycle.

advantage of the split-shaft gas turbine is its high torque at low speed. A
free-power turbine gives a very high torque at low rpm. Very high torque at
low rpm is convenient for automotive use, but with constant full-power
operation, it is of little or no value. Its use is usually limited to variable
mechanical-drive applications.

The Regenerative Cycle

The regenerative cycle is becoming prominent in these days of tight fuel
reserves and high fuel costs. The amount of fuel needed can be reduced by
the use of a regenerator in which the hot turbine exhaust gas is used to
preheat the air between the compressor and the combustion chamber. From
Figure 2-4 and the definition of a regenerator, the temperature at the exit of
the regenerator is given by the following relationship:

T3 - T2a + nreg(TS - TZ(J) (2'27)
Where T, is the actual temperature at the compressor exit. The regen-

erator increases the temperature of the air entering the burner, thus reducing
the fuel-to-air ratio and increasing the thermal efficiency.
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Figure 2-13. The performance map of a regenerative gas turbine cycle.

For a regenerator assumed to have an effectiveness of 80%, the efficiency
of the regenerative cycle is about 40% higher than its counterpart in the
simple cycle, as seen in Figure 2-13. The work output per pound of air is
about the same or slightly less than that experienced with the simple cycle.
The point of maximum efficiency in the regenerative cycle occurs at a lower
pressure ratio than that of the simple cycle, but the optimum pressure ratio for
the maximum work is the same in the two cycles. Thus, when companies are
designing gas turbines, the choice of pressure ratio should be such that
maximum benefit from both cycles can be obtained, since most offer a
regeneration option. It is not correct to say that a regenerator at off-opti-
mum would not be effective, but a proper analysis should be made before a
large expense is incurred.

The split-shaft regenerative turbine is very similar to the split-shaft cycle.
The advantage of this turbine is the same as that mentioned before; namely,
high torque at low rpm. The cycle efficiencies are also about the same.
Figure 2-14 indicates the performance that may be expected from such a
cycle.

The Intercooled Simple Cycle
A simple cycle with intercooler can reduce total compressor work and

improve net output work. Figure 2-7 shows the simple cycle with inter-
cooling between compressors. The assumptions made in evaluating this
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Figure 2-14. Performance map showing the effect of pressure ratio and turbine
inlet temperature on a regenerative split shaft cycle.

cycle are: (1) compressor interstage temperature equals inlet temperature,
(2) compressor efficiencies are the same, (3) pressure ratios in both compres-
sors are the same and equal to \/(P>2/Py).

The intercooled simple cycle reduces the power consumed by the
compressor. A reduction in consumed power is accomplished by cooling
the inlet temperature in the second or other following stages of the com-
pressor to the same as the ambient air and maintaining the same overall
pressure ratio. The compressor work then can be represented by the follow-
ing relationship:

W, = (hy — ) + (he — hy) (2-28)

This cycle produces an increase of 30% in work output, but the overall
efficiency is slightly decreased as seen in Figure 2-15. An intercooling regen-
erative cycle can increase the power output and the thermal efficiency. This
combination provides an increase in efficiency of about 12% and an increase
in power output of about 30%, as indicated in Figure 2-16. Maximum
efficiency, however, occurs at lower pressure ratios, as compared with the
simple or reheat cycles.
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The Reheat Cycle

The regenerative cycles improve the efficiency of the split-shaft cycle, but
do not provide any added work per pound of air flow. To achieve this latter
goal, the concept of the reheat cycle must be utilized. The reheat cycle, as
shown in Figure 2-8, consists of a two-stage turbine with a combustion
chamber before each stage. The assumptions made in this chapter are that
the high-pressure turbine’s only job is to drive the compressor and that the
gas leaving this turbine is then reheated to the same temperature as in the
first combustor before entering the low-pressure or power turbine. This
reheat cycle has an efficiency which is less than that encountered in a simple
cycle, but produces about 35% more shaft output power, as shown in Figure
2-17.

The Intercooled Regenerative Reheat Cycle

The Carnot cycle is the optimum cycle and all cycles incline toward this
optimum. Maximum thermal efficiency is achieved by approaching the
isothermal compression and expansion of the Carnot cycle, or by inter-
cooling in compression and reheating in the expansion process. Figure 2-18
shows the intercooled regenerative reheat cycle, which approaches this opti-
mum cycle in a practical fashion.
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Figure 2-17. The performance of a reheat gas turbine cycle.
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compressor turbine

)

Figure 2-18. The intercooled regenerative reheat split-shaft gas turbine cycle.

This cycle achieves the maximum efficiency and work output of any of the
cycles described to this point. With the insertion of an intercooler in the
compressor, the pressure ratio for maximum efficiency moves to a much
higher ratio, as indicated in Figure 2-19.

The Steam Injection Cycle

Steam injection has been used in reciprocating engines and gas turbines
for a number of years. This cycle may be an answer to the present concern
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Figure 2-19. The performance of an inter-cooled, regenerative, reheat cycle.

with pollution and higher efficiency. Corrosion problems are the major
hurdle in such a system. The concept is simple and straightforward: water
is injected into the compressor discharge air and increases the mass flow rate
through the turbine, as shown in the schematic in Figure 2-20. The steam
being injected downstream from the compressor does not increase the work
required to drive the compressor.

The steam used in this process is generated by the turbine exhaust gas.
Typically, water at 14.7 psia (1 Bar) and 80 °F (26.7 °C) enters the pump and
regenerator, where it is brought up to 60 psia (4 Bar) above the compressor
discharge and the same temperature as the compressor discharged air. The
steam is injected after the compressor but far upstream of the burner to
create a proper mixture which helps to reduce the primary zone temperature
in the combustor and the NO, output. The enthalpy of State 3 (43) is the
mixture enthalpy of air and steam. The following relationship describes the
flow at that point:

h3 = (mah2a + msh3a)/(ma + }’i/lS) (2-29)
The enthalpy entering the turbine is given by the following:

hy = (g + 1itp ) hay + rirshag) /(g + 1ty + rity) (2-30)
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Figure 2-20. The steam injection cycle.

with the amount of fuel needed to be added to this cycle as

st — /14 7}13
T (LHY)

The enthalpy leaving the turbine is

hs = ((11q + my)hsy + vghsg) [ (g + vy + 1)
Thus, the total work by the turbine is given by
W, = (ma + ng + vy ) (ha — hs),

And the overall cycle efficiency is

o = iy (LY

water
M-
pump
{ 5
/
turbine
—— W
\
(2-31)
(2-32)
(2-33)
(2-34)
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The cycle leads to an increase in output work and an increase in overall
thermal efficiency.

Figure 2-21 show the effect of 5% by weight of steam injection at a turbine
inlet temperature of 2400 °F (1316 °C) on the system. With about 5% injec-
tion at 2400°F (1316°C) and a pressure ratio of 17:1, an 8.3% increase in
work output is noted with an increase of about 19% in cycle efficiency over
that experienced in the simple cycle. The assumption here is that steam is
injected at a pressure of about 60 psi (4 Bar) above the air from the
compressor discharge and that all the steam is created by heat from the
turbine exhaust. Calculations indicate that there is more than enough waste
heat to achieve these goals.

Figure 2-22 shows the effect of 5% steam injection at different tempera-
tures and pressures. Steam injection for power augmentation has been used
for many years and is a very good option for plant enhancement. This cycle’s
great advantage is in the low production level of nitrogen oxides. That low
level is accomplished by the steam being injected in the compressor discharge
diffuser wall, well upstream from the combustor, creating a uniform mixture
of steam and air throughout the region. The uniform mixture reduces the
oxygen content of the fuel-to-air mixture and increases its heat capacity,
which in turn reduces the temperature of the combustion zone and the NO,
formed. Field tests show that the amount of steam equivalent to the fuel flow
by weight will reduce the amount of NO, emissions to acceptable levels. The
major problem encountered is corrosion. The corrosion problem is being

60
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5% Steam Injection 40
50

No Steam Injection

40

i
s
9
30 Z —=— Simple Cycle Gas Turbine
/ —"— 5% Steam Injection

20

Thermal Efficiency (%)

20.00 40.00 60.00 80.00 100.00 120.00 140.00 160.00 180.00 200.00
Net Output Work (Btu/Ib-air)

Figure 2-21. Comparison between 5% steam injection and simple cycle gas turbine.
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Figure 2-22. The performance map of a steam injected gas turbine.

investigated, and progress is being made. The attractiveness of this system is
that major changes are not needed to add this feature to an existing system.
The location of the water injector is crucial for the proper operation of this
system and cycle.

The Evaporative Regenerative Cycle

This cycle, as shown in Figure 2-23, is a regenerative cycle with water
injection. Theoretically, it has the advantages of both the steam injection and
regenerative systems reduction of NO, emissions and higher efficiency. The
work output of this system is about the same as that achieved in the steam
injection cycle, but the thermal efficiency of the system is much higher.

A high-pressure evaporator is placed between the compressor and the
regenerator to add water vapor into the air steam and in the process reduce
the temperature of this mixed stream. The mixture then enters the regen-
erator at a lower temperature, increasing the temperature differential across
the regenerator. Increasing the temperature differential reduces the tempera-
ture of the exhaust gases considerably so that these exhaust gases, otherwise
lost, are an indirect source of heat used to evaporate the water. Both the air
and the evaporated water pass through the regenerator, combustion cham-
ber, and turbine. The water enters at 80°F (26.7°C) and 14.7 psia (1 Bar)
through a pump into the evaporator, where it is discharged as steam at the
same temperature as the compressor discharged air and at a pressure of 60
psia (4 Bar) above the compressor discharge. It is then injected into the air
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Figure 2-23. The evaporative regenerative cycle.

stream in a fine mist where it is fully mixed. The governing equations are the
same as in the previous cycle for the turbine section, but the heat added is
altered because of the regenerator. The following equations govern this
change in heat addition. From the first law of thermodynamics, the mixture
temperature (77) is given by the relationship:

o 77.7(ch11 T, + n./lscpw(Ts - T3) - ’/hsh/g
4=

; ; (2-35)
My Cpg + MisCps

The enthalpy of the gas leaving the regenerator is given by the relation-
ship

hS = h4 + nreg(h7 - h4> (2'36)

Similar to the regenerative cycle, the evaporative regenerative cycle has
higher efficiencies at lower pressure ratios. Figures 2-24 and 2-25 show the
performance of the system at various rates of steam injection and turbine
inlet temperatures. Similar to the steam injection cycle, the steam is injected
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at 60 psi (4 Bar) higher than the air leaving the compressor. Corrosion in the
regenerator is a problem in this system. When not completely clean, regen-
erators tend to develop hot spots that can lead to fires. This problem can be
overcome with proper regenerator designs. This NOy emission level is low
and meets EPA standards.

The Brayton-Rankine Cycle

The combination of the gas turbine with the steam turbine is an attractive
proposal, especially for electric utilities and process industries where steam is
being used. In this cycle, as shown in Figure 2-26, the hot gases from the
turbine exhaust are used in a supplementary fired boiler to produce super-
heated steam at high temperatures for a steam turbine.

The computations of the gas turbine are the same as shown for the simple
cycle. The steam turbine calculations are:

Steam generator heat
401 = hig — hag (2-37)

Turbine work

Wis = ms (his — has) (2-38)
Pump work
W, = nitg(has — Hay) /1, (2-39)

The combined cycle work is equal to the sum of the net gas turbine work
and the steam turbine work. About one-third to one-half of the design
output is available as energy in the exhaust gases. The exhaust gas from
the turbine is used to provide heat to the recovery boiler. Thus, this heat
must be credited to the overall cycle. The following equations show the
overall cycle work and thermal efficiency:

Overall cycle work

chc = Wta + Wts - Wc - I/Vp (2-40)
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Figure 2-26. The Brayton-Rankine combined cycle.
Overall cycle efficiency
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n=—— (2-41)
iy (LHV)

This system, as can be seen from Figure 2-27, indicates that the net work is
about the same as one would expect in a steam injection cycle, but the
efficiencies are much higher. The disadvantages of this system are its high
initial cost. However, just as in the steam injection cycle, the NO, content of
its exhaust remains the same and is dependent on the gas turbine used. This
system is being used widely because of its high efficiency.

Summation of Cycle Analysis

Figure 2-28 and 2-29 give a good comparison of the effect of the various
cycles on the output work and thermal efficiency. The curves are drawn for a
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Figure 2-27. The performance map of a typical combined cycle power plant.
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Figure 2-28. Comparison of net work output of various cycles temperature.

turbine inlet temperature of 2400 °F (1316 °C), which is a temperature pres-
ently being used by manufacturers. The output work of the regenerative
cycle is very similar to the output work of the simple cycle, and the output
work of the regenerative reheat cycle is very similar to that of the reheat
cycle. The most work per pound of air can be expected from the intercooling,
regenerative reheat cycle.
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Figure 2-29. Comparison of thermal efficiency of various cycles temperature.

The most effective cycle is the Brayton-Rankine cycle. This cycle has
tremendous potential in power plants and in the process industries where
steam turbines are in use in many areas. The initial cost of this system is
high; however, in most cases where steam turbines are being used this initial
cost can be greatly reduced.

Regenerative cycles are popular because of the high cost of fuel. Care
should be observed not to indiscriminately attach regenerators to existing
units. The regenerator is most efficient at low-pressure ratios. Cleansing
turbines with abrasive agents may prove a problem in regenerative units,
since the cleansers can get lodged in the regenerator and cause hot spots.

Water injection, or steam injection systems, are being used extensively to
augment power. Corrosion problems in the compressor diffuser and com-
bustor have not been found to be major problems. The increase in work and
efficiency with a reduction in NO, makes the process very attractive. Split-
shaft cycles are attractive for use in variable-speed mechanical drives. The
off-design characteristics of such an engine are high efficiency and high
torque at low speeds.

A General Overview of Combined Cycle Plants
There are many concepts of the combined cycle, these cycles range from

the simple single pressure cycle, in which the steam for the turbine is
generated at only one pressure, to the triple pressure cycles where the
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steam generated for the steam turbine is at three different levels. The energy
flow diagram Figure 2-30 shows the distribution of the entering energy into
its useful component and the energy losses which are associated with the
condenser and the stack losses. This distribution will vary some with differ-
ent cycles as the stack losses are decreased with more efficient multilevel
pressure Heat Recovery Steam Generating units (HRSGs). The distribution
in the energy produced by the power generation sections as a function of the
total energy produced is shown in Figure 2-31. This diagram shows that the
load characteristics of each of the major prime-movers changes drastically
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Figure 2-30. Energy distribution in a combined cycle power plant.
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Figure 2-31. Load sharing between prime movers over the entire operating range
of a combine cycle power plant.

with off-design operation. The gas turbine at design conditions supplies 60%
of the total energy delivered and the steam turbine delivers 40% of the energy
while at off-design conditions (below 50% of the design energy) the gas turbine
delivers 40% of the energy while the steam turbine delivers 40% of the energy.

To fully understand the various cycles, it is important to define a few
major parameters of the combined cycle. In most combined cycle applica-
tions the gas turbine is the topping cycle and the steam turbine is the
bottoming cycle. The major components that make up a combined cycle
are the gas turbine, the HRSG and the steam turbine as shown in Figure
2-32 a typical combined cycle power plant with a single pressure HRSG.
Thermal efficiencies of the combined cycles can reach as high as 60%. In
the typical combination the gas turbine produces about 60% of the power
and the steam turbine about 40%. Individual unit thermal efficiencies of the
gas turbine and the steam turbine are between 30—40%. The steam turbine
utilizes the energy in the exhaust gas of the gas turbine as its input energy.
The energy transferred to the Heat Recovery Steam Generator (HRSG) by
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Figure 2-32. A typical large combined cycle power plant HRSG.

the gas turbine is usually equivalent to about the rated output of the gas
turbine at design conditions. At off-design conditions the Inlet Guide Vanes
(IGV) are used to regulate the air so as to maintain a high temperature to the
HRSG.

The HRSG is where the energy from the gas turbine is transferred to the
water to produce steam. There are many different configurations of the
HRSG units. Most HRSG units are divided into the same amount of
sections as the steam turbine, as seen in Figure 2-32. In most cases, each
section of the HRSG has a pre-heater or economizer, an evaporator, and
then one or two stages of superheaters. The steam entering the steam turbine
is superheated.

The condensate entering the HRSG goes through a Deaerator where the
gases from the water or steam are removed. This is important because a high
oxygen content can cause corrosion of the piping and the components which
would come into contact with the water/steam medium. An oxygen content
of about 7-10 parts per billion (ppb) is recommended. The condensate is
sprayed into the top of the Deaerator, which is normally placed on the top of
the feedwater tank. Deacration takes place when the water is sprayed and
then heated, thus releasing the gases that are absorbed in the water/steam
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medium. Deaertion must be done on a continuous basis because air is
introduced into the system at the pump seals and piping flanges since they
are under vacuum.

Dearation can be either vacuum or over pressure dearation. Most systems
use vacuum dearation because all the feedwater heating can be done in the
feedwater tank and there is no need for additional heat exchangers. The
heating steam in the vacuum dearation process is a lower quality steam thus
leaving the steam in the steam cycle for expansion work through the steam
turbine. This increases the output of the steam turbine and therefore the
efficiency of the combined cycle. In the case of the overpressure dearation,
the gases can be exhausted directly to the atmosphere independently of the
condenser evacuation system.

Dearation also takes place in the condenser. The process is similar to that
in the Deaertor. The turbine exhaust steam condenses and collects in the
condenser hotwell while the incondensable hot gases are extracted by means
of evacuation equipment. A steam cushion separates the air and water so
re-absorption of the air cannot take place. Condenser dearation can be as
effective as the one in a Deaertor. This could lead to not utilizing a separate
Dearator/feedwater tank, and the condensate being fed directly into the
HRSG from the condenser. The amount of make-up water added to
the system is a factor since make-up water is fully saturated with oxygen.
If the amount of make-up water is less than 25% of the steam turbine
exhaust flow, condenser dearation may be employed, but in cases where
there is steam extraction for process use and therefore the make-up water is
large, a separate deaerator is needed.

The economizer in the system is used to heat the water close to its
saturation point. If they are not carefully designed, economizers can gener-
ate steam, thus blocking the flow. To prevent this from occurring the feed-
water at the outlet is slightly subcooled. The difference between the
saturation temperature and the water temperature at the economizer exit is
known as the approach temperature. The approach temperature is kept as
small as possible between 10-20°F (5.5-11°C). To prevent steaming in the
evaporator it is also useful to install a feedwater control valve downstream
of the economizer, which keeps the pressure high, and steaming is prevented.
Proper routing of the tubes to the drum also prevents blockage if it occurs in
the economizer.

Another important parameter is the temperature difference between the
evaporator outlet temperature on the steam side and on the exhaust gas side.
This difference is known as the pinch point. Ideally, the lower the pinch
point, the more heat recovered, but this calls for more surface area and,
consequently, increases the back pressure and cost. Also, excessively low



92 Gas Turbine Engineering Handbook

pinch points can mean inadequate steam production if the exhaust gas is low
in energy (low mass flow or low exhaust gas temperature). General guide-
lines call for a pinch point of 1540°F (8-22°C). The final choice is
obviously based on economic considerations.

The steam turbines in most of the large power plants are at a minimum
divided into two major sections the High Pressure Section (HP) and the Low
Pressure Section (LP). In some plants, the HP section is further divided into
a High Pressure Section and an Intermediate Pressure Section (IP). The
HRSG is also divided into sections corresponding with the steam turbine.
The LP steam turbine’s performance is further dictated by the condenser
backpressure, which is a function of the cooling and the fouling.

The efficiency of the steam section in many of these plants varies from
30-40%. To ensure that the steam turbine is operating in an efficient mode,
the gas turbine exhaust temperature is maintained over a wide range of
operating conditions. This enables the HRSG to maintain a high degree of
effectiveness over this wide range of operation.

In a combined cycle plant, high steam pressures do not necessarily convert
to a high thermal efficiency for a combined cycle power plant. Expanding the
steam at higher steam pressure causes an increase in the moisture content at
the exit of the steam turbine. The increase in moisture content creates major
erosion and corrosion problems in the later stages of the turbine. A limit is
set at about 10% (90% steam quality) moisture content.

The advantages for a high steam pressure, is that the mass flow of the
steam is reduced and that the turbine output is also reduced. The lower
steam flow reduces the size of the exhaust steam section of the turbine thus
reducing the size of the exhaust stage blades. The smaller steam flow also
reduces the size of the condenser and the amount of water required for
cooling. It also reduces the size of the steam piping and the valve dimensions.
This all accounts for lower costs especially for power plants which use the
expensive and high-energy consuming air-cooled condensers.

Increasing the steam temperature at a given steam pressure lowers the
steam output of the steam turbine slightly. This occurs because of two
contradictory effects: first the increase in enthalpy drop, which increases
the output; and second the decrease in flow, which causes a loss in steam
turbine output. The second effect is more predominant, which accounts for
the lower steam turbine amount. Lowering the temperature of the steam also
increases the moisture content.

Understanding the design characteristics of the dual or triple pressure
HRSG and its corresponding steam turbine sections (HP, IP, and LP
turbines) is important. Increasing pressure of any section will increase
the work output of the section for the same mass flow. However, at higher
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pressure, the mass flow of the steam generated is reduced. This effect is most
significant for the LP Turbine. The pressure in the LP evaporator should not
be below about 45 psia (3.1 Bar) because the enthalpy drop in the LP steam
turbine becomes very small, and the volume flow of the steam becomes very
large thus the size of the LP section becomes large, with long expensive
blading. Increase in the steam temperature brings substantial improvement
in the output. In the dual or triple pressure cycle, more energy is made
available to the LP section if the steam team to the HP section is raised.

There is a very small increase in the overall cycle efficiency between a dual
pressure cycle and a triple pressure cycle. To maximize their efficiency, these
cycles are operated at high temperatures, and extracting most heat from the
system thus creating relatively low stack temperatures. This means that in
most cases they must be only operated with natural gas as the fuel, as this
fuel contains a very low to no sulfur content. Users have found that in the
presence of even low levels of sulfur, such as when firing diesel fuel (No. 2
fuel oil) stack temperatures must be kept above 300 °F (149 °C) to avoid acid
gas corrosion. The increase in efficiency between the dual and triple pressure
cycle is due to the steam being generated at the IP level than the LP level.
The HP flow is slightly less than in the dual pressure cycle because the IP
superheater is at a higher level than the LP superheater, thus removing
energy from the HP section of the HRSG. In a triple pressure cycle the HP
and IP section pressure must be increased together. Moisture at the steam
turbine LP section exhaust plays a governing role. At inlet pressure of about
1500 psia (103.4 Bar), the optimum pressure of the IP section is about
250 psia (17.2 Bar). The maximum steam turbine output is clearly definable
with the LP steam turbine pressure. The effect of the LP pressure also effects
the HRSG surface area, as the surface area increases with the decrease in LP
steam pressure, because less heat exchange increases at the low temperature
end of the HRSG. Figure 2-33 is the energy/temperature diagram of the
triple pressure HRSG. The IP and LP flows are much smaller than the HP
steam turbine flow. The ratio is in the neighborhood of 25:1.

Compressed Air Energy Storage Cycle

The Compressed Air Energy Storage Cycle (CAES) is used as a peaking
system that uses off-peak power to compress air into a large solution-mined
underground cavern and withdraws the air to generate power during periods
of high system power demand. Figure 2-34 is a schematic of such a typical
plant being operated by Alabama Electric Cooperative, Inc., with the plant
heat and mass balance diagram, with generation-mode parameters at rated
load and compression-mode parameters at average cavern conditions.
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The compressor train is driven by the motor/generator, which has
a pair of clutches that enable it to act as a motor when the compressed air
is being generated for storage in the cavern, declutches it from the expander
train, and connects it to the compressor train. The compressor train consists
of a three-section compressor each section having an intercooler to cool the
compressed air before it enters the other section, thus reducing the overall
compressor power requirements.

The power train consists of an HP and LP expander arranged in series that
drives the motor/generator, which in this mode is declutched from the
compressor train and is connected by clutch to the HP and LP expander
train. The HP expander receives air from the cavern that is regeneratively
heated in a recuperator utilizing exhaust gas from the LP expander, and then
further combusted in combustors before entering the HP expander. The
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Figure 2-34. Schematic of a compressed air energy storage plant. (ASME Tech-
nical Paper 2000-GT-0595).

expanded air from the HP expander exhaust is reheated in combustors
before entering the LP expander. Can-type combustors of similar design
are employed in both the HP and LP expanders. The HP expander, which
produces about 25% of the power, utilizes two combustors while the LP
expander, producing 75% of the power, has eight. The plant is designed to
operate with either natural gas or No. 2 distillate oil fuels and operates over
a range of 10-110 MW.

The generator is operated as a motor during the compression mode. The
system is designed to operate on a weekly cycle, which includes power
generation five days per week, with cavern recharging during weekday
nights and weekends.

Power Augmentation

The augmentation of power in a gas turbine is achieved by many
different techniques. In this section, we are looking at techniques, which
could be achieved on existing gas turbines. Thus, techniques such as add-
itional combustors are not considered as being practical on an existing
turbine. In other words, the concentration in this section is on practical
solutions. Practical power augmentation can be divided into two main
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categories. They range from the cooling of the inlet, to injection of steam or
water into the turbine.

Inlet Cooling

e Evaporative methods—Either conventional evaporative coolers or
direct water fogging

e Refrigerated inlet cooling systems—UTtilizing absorption or mechan-
ical refrigeration

e Combination of evaporative and refrigerated inlet systems—The use
of evaporative coolers to assist the chiller system to attain lower
temperatures of the inlet air.

e Thermal Energy Storage Systems—These are intermittent use systems
where the cold is produced off-peak and then used to chill the inlet air
during the hot hours of the day.

Injection of Compressed Air, Steam, or Water

e Injection of humidified and heated compressed air—Compressed air
from a separate compressor is heated and humidified to about 60%
relative humidity by the use of an HRSG and then injected into the
compressor discharge.

e Steam Injection—Injection of the steam, obtained from the use of a
low-pressure single stage HRSG, at the compressor discharge and/or
injection in the combustor.

e Water Injection—Mid-compressor flashing is used to cool the com-
pressed air and add mass flow to the system.

Inlet Cooling Techniques

Evaporative Cooling of the Turbine. Traditional evaporative coolers
that use media for evaporation of the water have been widely used in the gas
turbine industry over the years, especially in hot climates with low humidity
areas. The low capital cost, installation, and operating costs make it attract-
ive for many turbine-operating scenarios. Evaporation coolers consist of
water being sprayed over the media blocks, which are made of fibrous
corrugated material. The airflow through these media blocks, evaporates
the water, as water evaporates, it consumes about 1059 BTU (1117kJ)
(latent heat of vaporization) at 60 °F (15°C). This results in the reduction
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of the air temperature entering the compressor from that of the ambient air
temperature. This technique is very effective in low humidity regions.

The work required to drive the turbine compressor is reduced by lowering
the compressor inlet temperature; thus increasing the output work of the
turbine. Figure 2-35 is a schematic of the evaporative gas turbine and its
effect on the Brayton cycle. The volumetric flow of most turbines is con-
stant and therefore by increasing the mass flow, power increases in an
inverse proportion to the temperature of the inlet air. The psychometric
chart shown shows that the cooling is limited especially in high humid
conditions. It is a very low cost option and can be installed very easily. This
technique does not however increase the efficiency of the turbine. The
turbine inlet temperature is lowered by about 18 °F (10°C), if the outside
temperature is around 90°F (32°C). The cost of an evaporative cooling
system runs around $50/kw.

Direct inlet fogging, is a type of evaporative cooling method, where
de-mineralized water is converted into a fog by means of high-pressure nozzles
operating at 1000-3000 psi. (67-200 Bar) This fog then provides cooling
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Figure 2-35. Schematic of evaporative cooling in a gas turbine.
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when it evaporates in the air inlet duct of the gas turbine. The air can attain
100% relative humidity at the compressor inlet, and thereby gives the lowest
temperature possible without refrigeration (the web bulb temperature).
Direct high-pressure inlet fogging can also be used to create a compressor
intercooling effect by allowing excess fog into the compressor, thus boosting
the power output further.

Refrigerated Inlets for the Gas Turbines. The refrigerated inlets are
more effective than the previous evaporative cooling systems as they can
lower the temperatures by about 45-55°F (25-30°C). Two techniques for
refrigerating the inlet of a gas turbine are vapor compression (mechanical
refrigeration) and absorption refrigeration.

Mechanical Refrigeration. Inamechanical refrigeration system, the refriger-
ant vapor is compressed by means of a centrifugal, screw, or reciprocating
compressor. Figure 2-36 is a schematic of a mechanical refrigeration intake for
a gas turbine. The psychometric chart included shows that refrigeration pro-
vides considerable cooling and is very well suited for hot humid climates.
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Figure 2-36. Mechanical refrigerated inlet system used to cool the inlet air of the
gas turbine.
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Centrifugal compressors are typically used for large systems in excess of
1,000 tons (12.4 x 10° BTU/13.082 x 10°kJ) and would be driven by an
electric motor. Mechanical refrigeration has significantly high auxiliary
power consumption for the compressor driver and pumps required for the
cooling water circuit. After compression, the vapor passes through a con-
denser where it gets condensed. The condensed vapor is then expanded in an
expansion valve and provides a cooling effect. The evaporator chills cooling
water that is circulated to the gas turbine inlet chilling coils in the air stream.
Chlorofluorocarbon (CFC) based chillers are now available and can provide
a large tonnage for a relatively smaller plot space and can provide cooler
temperature than the lithium-bromide (Li-Br) absorption based cooling
systems. The drawbacks of mechanical chillers are high capital and oper-
ation and maintenance (O&M) cost, high power consumption, and poor
part load performance.

Direct expansion is also possible wherein the refrigerant is used to chill the
incoming air directly without the chilled water circuit. Ammonia, which is an
excellent refrigerant, is used in this sort of application. Special alarm systems
would have to be utilized to detect the loss of the refrigerant into the
combustion air and to shut down and evacuate the refrigeration system.

Absorption Cooling Systems. Absorption systems typically employ
lithium-bromide (Li-Br) and water, with the Li-Br being the absorber and
the water acting as the refrigerant. Such systems can cool the inlet air to
50°F (10°C). Figure 2-37 is a schematic of an absorption refrigerated inlet
system for the gas turbine. The cooling shown on the psychometric chart is
identical to the one for the mechanical system. The heat for the absorption
chiller can be provided by gas, steam, or gas turbine exhaust. Absorption
systems can be designed to be cither single or double effect. A single effect
system will have a coefficient of performance (COP) of 0.7-0.9, and a double
effect unit, a COP of 1.15. Part load performance of absorption systems is
relatively good, and efficiency does not drop off at part load like it does with
mechanical refrigeration systems. The costs of these systems are much higher
than the evaporative cooling system, however refrigerated inlet cooling
systems in hot humid climates are more effective due to the very high
humidity.

Combination of Evaporative and Refrigerated Inlet Systems
Depending on the specifics of the project, location, climatic conditions,

engine type, and economic factors, a hybrid system utilizing a combination
of the above technologies may be the best. The possibility of using fogging
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Figure 2-37. Absorption refrigerated inlet cooling system.

systems ahead of the mechanical inlet refrigeration system should be con-
sidered as seen in Figure 2-38. This may not always be intuitive, since
evaporative cooling is an adiabatic process that occurs at constant enthalpy.
When water is evaporated into an air stream, any reduction in sensible heat
is accompanied by an increase in the latent heat of the air stream (the heat in
the air stream being used to effect a phase change in the water from liquid to
the vapor phase). If fog is applied in front of a chilling coil, the temperature
will be decreased when the fog evaporates, but since the chiller coil will have
to work harder to remove the evaporated water from the air steam, the result
would yield no thermodynamic advantage.

To maximize the effect, the chiller must be designed in such a manner that
in combination with evaporative cooling the maximum reduction in tem-
perature is achieved. This can be done by designing a slightly undersized
chiller, which is not capable of bringing the air temperature down to the
ambient dew point temperature; but in conjunction with evaporative cooling
the same effect can be achieved, thus taking the advantage of evaporative
cooling to reduce the load of refrigeration.
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Figure 2-38. Evaporative and refrigerated inlet systems.

Thermal Energy Storage Systems

These systems are usually designed to operate the refrigeration system at
off-peak hours and then use the refrigerated media at peak hours. The
refrigerated media in most cases is ice and the gas turbine air is then passed
through the media, which lowers it inlet temperature as seen in Figure 2-39.
The size of the refrigeration system is greatly reduced as it can operate for
8—10 hours at off-peak conditions to make the ice, which is then stored, and
air passed through it at peak operating hours that may only be for about 4-6
hours.

The cost for such a system runs about $90-$110/kW. And have been
successfully employed for gas turbines producing 100-200 MW.

Injection of Compressed Air, Steam, or Water for Increasing Power

Mid-Compressor Flashing of Water. In this system, the water is injected
into the mid-stages of the compressor to cool the air and approach an
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Figure 2-39. Thermal storage inlet system.

isothermal compression process as shown in Figure 2-40. The water injected is
usually mechanically atomized so that very fine droplets are entered into the
air. The water is evaporated as it comes in contact with the high pressure and
temperature air stream. As water evaporates, it consumes about 1058 BTU
(1117kJ) (latent heat of vaporization) at the higher pressure and temperature
resulting in lowering the temperature of the air stream entering the next stage.
This lowers the work required to drive the compressor.

The intercooling of the compressed air has been very successfully applied
to high-pressure engines. This system can be combined with any of the
previously described systems.

Injection of Humidified and Heated Compressed Air. Compressed air
from a separate compressor is heated and humidified to about 60% relative
humidity by the use of an HRSG and then injected into the compressor
discharge. Figure 2-41 is a simplified schematic of a compressed air injection
plant, which consists of the following major components:

1. A commercial combustion turbine with the provision to inject, at any
point upstream of the combustor, the externally supplied humidified
and preheated supplementary compressed air. Engineering and
mechanical aspects of the air injection for the compressed air injection
plant concepts are similar to the steam injection for the power aug-
mentation, which has accumulated significant operating experience.
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2. A supplementary compressor (consisting of commercial off-the-shelf
compressor or standard compressor modules) to provide the supple-
mentary airflow up-stream of combustors.

3. A saturation column for the supplementary air humidification and
preheating.

4. Heat recovery water heater and the saturated air preheater.

5. Balance-of-plant equipment and systems, including interconnecting
piping, valves, controls, etc.

Injection of Water or Steam at the Gas Turbine Compressor Exit. Steam
injection or water injection has been often used to augment the power gen-
erated from the turbine as seen in Figure 2-42. Steam can be generated
from the exhaust gases of the gas turbine. The HRSG for such a unit is very
elementary as the pressures are low. This technique augments power and
also increases the turbine efficiency. The amount of steam is limited to about
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12% of the airflow, which can result in a power increase of about 25%. The
limits of the generator may restrict the amount of power, which can be
added. The cost for such systems runs around $100/kW.

Injection of Steam in the Combustor of the Gas Turbines Utilizing
Present Dual Fuel Nozzles. Steam injection in the combustor has been
commonly used for NO, control as seen in Figure 2-43. The amount of steam,
which can be added, is limited due to combustion concerns. This is limited to
about 2-3% of the airflow. This would provide an additional 3—5% of the
rated power. The dual fuel nozzles on many of the industrial turbines could
easily be retrofitted to achieve the goal of steam injection. The steam would
be produced using an HRSG. Multiple turbines could also be tied into one
HRSG.

Combination of Evaporative Cooling and Steam Injection. The combin-
ation of the above techniques must also be investigated as none of these
techniques is exclusive of the other techniques and can be easily used in
conjunction with each other. Figure 2-44 is a schematic of combining the
inlet evaporative cooling with injection of steam in both the compressor exit
and the combustor. In this system, the power is augmented benefiting from
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the cooling of the air, and then augmented further by the addition of the
steam.

Summation of the Power Augmentation Systems

The analysis of the different cycles examined here, which range from the
simplest cycle such as evaporative cooling to the more complex cycles such
as the humidified and heated compressed air cycle, are rated to their effec-
tiveness and to their cost is shown in Table 2-1. The cycles examined here
have been used in actual operation of major power plants, thus there are no
cycles evaluated that are only conceptual in nature. The results show addi-
tion from 3-21% in power and the increase in efficiency from 0.4-24%

The cooling of the inlet air using an evaporative cycle, the simplest of the
cycles, and which can be put into operation with the least outlay in capital
is not very useful in operation in high humidity areas. The system would
cost between $300,000-$500,000 per turbine thus amounting to a cost of $135
per KW.

Refrigerated inlet cooling is much more effective in humid areas and can
add about 12.8% to the power output of the simple cycle gas turbine. The
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Table 2-1
Evaluation of Various Techniques to Enhance the Operation of the Simple Cycle Gas Turbine

Based on Gas Turbine Operating at Power=110 MW Inlet Temp=32°C Efficiency=32.92 Heat Rate 10935 KJ/KW-HR

Types of Increase Percent Percent Heat Rate Cost US$ Cost/KW Fuel Savings Increase in Total
Process in Power Increase Increase kJ/kW-hr  Millions US$/KW per year US$ Sales Revenue Earnings
(MW) in Power in Efficiency per Year US$ Us$
(%) (%)

Evaporative 3.69 3.32 0.39 10,891 0.5 135.67 515,264 396,755 912,019
cooling

Refrigeration 12.77 11.51 2.5 10,672 2.5 195.74 605,075 1,379,901 1,984,977
inlet cooling

Ice storage 12.77 11.51 2.5 10,672 1.5 117.44 201,692 459,967 661,659
cooling

Inter-stage 17.41 15.69 14.19 9,576 2.5 143.56 3,743,308 2,291,365 6,034,672
compressor
cooling

Heated and 23.44 21.12 21.23 9,020 3.7 157.84 5,597,388 3,368,355 8,965,744
humidified
compressed
air injection

Steam injection 10.11 9.11 22.13 8954 1.7 168.19 5,220,193 1,466,792 6,686,985

Evaporative 13.97 12.59 24.02 8817 2.1 150.34 5,770,444 2,068,616 7,839,060
cooling + Steam
injection

sisAleuy e0A9 |enjoy pue [eonaloay |
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cost outlay of such a system is among the costliest per KW of the cycles
evaluated. The Concept here would be to have a single HRSG supply
enough steam to provide cooling for three turbines. The steam would be
used to power a steam turbine, which would then operate a refrigeration
compressor or use the steam to provide absorption cooling for the three
turbines. The concept was to reduce the turbine inlet temperature by about
30-50°F (17-27°C). The refrigeration unit could also be supplanted by the
use of an ice storage system whose effect would be the same on the perfor-
mance of the turbine except for the fact that it would operate for about eight
hours in a day, the other 16 hours would be used to produce the ice used for
cooling the air. In this manner, the refrigeration system could be much
smaller than the system required for refrigeration of the inlet air 24 hours
a day.

The cooling of the inter-stage compressor air by injecting water is also
another very effective way for getting more power from the gas turbine. The
problem in most units is that there is no convenient place to inject the water.
The gas turbines would require substantial modification to install such a
system. Care would have to be taken that any modification would not affect
the integrity of the system. This type of a system is very effective in units
where there is a low and high-pressure compressor, providing a very con-
venient place to inject the water. This type of compressor are mostly avail-
able in aeroderivative units.

The concept of injecting humidified and heated compressed air just after
the gas turbine compressor is another very interesting way to increase power
and efficiency. In this system, compressed air is added to the compressed
discharge air. The compressed air is about 5% of the main gas turbine air
and this air after it has been compressed using an external compressor is then
injected into an air saturation device where steam obtained from the HRSG
unit is then injected into the device to saturate the air with water and the
saturated air then is further heated in the HRSG before it is injected into the
compressor discharge of the gas turbine.

The injection of steam in the compressor discharge has been utilized over
the years and has been found to be very effective. The amount of steam to be
injected can vary from 5-15%. The injection of steam created from properly
treated water does not affect the life of the hot section of the turbines. This is
based on a large number of units where steam injection has been used. Steam
injection, with an evaporative cooling inlet system would be best suited for
hot humid areas this application based on the efficiency and cost as shown in
Figure 2-45.

The additional costs for incorporating the systems are also shown in
Figure 2-45. The cost per KW for the steam injection and the Heated and
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Percent Increase in Power (%)
Percent Increase in Efficiency (%)

O CostKw US$/KW
25.00 250.00

20.00 200.00

15.00 150.00

COST $/KW

10.00 100.00

PERCENT CHANGE

5.00 50.00

0.00

Evaporative Refrigeration Inlet Ice Storage Inter-stage Heatedand  Steam Injection  Evaporative
Cooling Cooling Cooling Compressor Moisturized Cooling +Steam
Cooling Compressed Air Injection

Injection

Figure 2-45. Comparison of various cycles based on percent change in power and
efficiency and cost $/KW.

Humidified Compressed Air Injection System are about the same. This is
due to the fact that though the initial cost to install the Compressed Air
System, for a turbine of about 100 MW, is about $3.7 million as compared to
about $1.7 million for a steam injection system, the power generated by the
Heated and Humidified Compressed Air Injection System is much higher.

The rate of return on the steam injection system is higher than the
Compressed Air Injection System. This is due to the fact that though the
efficiency of the steam injection system and the compressed air injection
system is about the same, however, the initial cost of the steam injected
system being over 50% lower than the compressed air injection system
accounts for the difference.

The calculations for fuel gas savings have been based on an international
price of fuel, at about US$2.50 per million BTU (US$2.64 per million KJ).
The plant availability was taken at 97%, which is the availability throughout
industry for most frame type plants. The cost of sale of new power was based
on the average price of US$0.04 per KW-Hr.

Some of the major restrictions in putting these cycles on existing units can
be described as follows:

1. Generator Power Output Capacity. The generator, as a general rule
of thumb is oversized by about 20% above the turbine rated load.
The changes have to be limited to that region by limiting the steam or
Compressed Air Injection.
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2. Turbine Firing Temperature. The turbine firing temperature, the tem-
perature of the gas measured at the inlet of the first stage nozzles, is
limited to the design firing temperatures as increase in firing tempera-
tures would greatly reduce the life of the turbine hot section.

3. Injection Pressure. The injection pressure must be between 75-100 psia
(5-7 Bar) above the Compressor Discharge Pressure. In the case of the
Heated and Humidified Compressed Air injected system, the air must
be saturated.

4. Nozzle Area of the First Turbine Stage (Expander Stage). This is a very
critical parameter and limits the total airflow into the turbine section,
thus this limits the amount of steam injection or the amount of the
heated and humidified compressed air injection.

5. Surge Control. The injection systems will all require major modifica-
tions to the control system to prevent injection till the units have
reached full load and stabilized operation. During shutdown, the
system must first shut off the injection system. These changes are very
necessary to prevent the units from surging.

6. NO, Emissions. The amount NO, emissions is very critical in most
regions where gas turbines are being utilized for power generation.
The present cap is about 22 ppm; the aim is to go down to as low
as 9 ppm. The techniques offered here all are NO, emission friendly,
in that they do not increase the present levels of NO,, in fact in the
case of the injection systems, both steam, and heated and humidi-
fied compressed air will lower the NO, emissions making the plant
even more environmentally friendly, especially in this critical loca-
tion.

7. Control Systems. The costs in all these systems have taken into
account modifications of the control systems. The control systems in
most of these cases will have to be new to take into account the
injection of steam, and the heated and humidified compressed air,
the HRSG, and all its associated equipments such as pumps.
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Compressor and Turbine
Performance Characteristics

This chapter examines the overall performance characteristics of compres-
sors and turbines. This material is presented here to familiarize the reader
with the behavior of these machines, classified under the broad term “tur-
bomachinery.” Pumps and compressors are used to produce pressure; tur-
bines produce power. These machines have some common characteristics.
The main element is a rotor with blades or vanes, and the path of the fluid in
the rotor may be axial, radial, or a combination of both.

There are three methods of studying the elements of turbomachinery
operation. First, by examining forces and velocity diagrams, it is possible
to discover some general relationships between capacity, pressure, speed,
and power. Second, comprehensive experimentation can be undertaken to
study relationships between different variables. Third, without considering
the actual mechanics, one can use dimensional analysis to derive a set of
factors whose grouping can shed light on overall behavior. The analysis
presented in this chapter shows the typical performance diagrams one can
expect from turbomachines. Off-design performance is also important in
understanding trends and operating curves.

Turbomachine Aerothermodynamics

The motion of a gas can be studied in two different ways: (1) the motion of
each gas particle can be studied to determine its position, velocity, acceler-
ation, and state variation with time; (2) each particle can be studied to
determine its variation in velocity, acceleration, and the state of various
particles at every location in space and in time. In studying the movement

112
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of each fluid particle, we are studying Lagrangian motion; in studying the
spatial system we are studying Eulerian motion. This book will examine the
Eulerian motion of the flow. The flow will be considered fully described if
the magnitude, direction, and thermodynamic properties of the gas at every
point in space are determined.

To understand the flow in turbomachines, an understanding of the basic
relationships of pressure, temperature, and type of flow must be acquired.
Ideal flow in turbomachines exists when there is no transfer of heat between
the gas and its surroundings, and the entropy of the gas remains unchanged.
This type of flow is characterized as a reversible adiabatic flow. To describe
this flow, the total and static conditions of pressure, temperature, and the
concept of an ideal gas must be understood.

Ideal Gas

Ideal gas obeys the equation of state PV = MRT or P/p = MRT, where
P denotes the pressure, V' the volume, p the density, M the mass, T the
temperature of the gas, and R the gas constant per unit mass independent of
pressure and temperature. In most cases the ideal gas laws are sufficient to
describe the flow within 5% of actual conditions. When the perfect gas laws
do not apply, the gas compressibility factor Z can be introduced:

Z(P,T) = % (3-1)

Figure 3-1 shows the relationship between the compressibility factor and
pressure and temperature, couched in terms of reduced pressure and tem-
perature:

(3-2)

P. and T. are the pressure and temperature of the gas at the critical
point.

Static pressure is the pressure of the moving fluid. The static pressure of
a gas is the same in all directions and is a scalar point function. It can be
measured by drilling a hole in the pipe and keeping a probe flush with the
pipe wall.

Total pressure is the pressure of the gas brought to rest in a reversible
adiabatic manner. It can be measured by a pitot tube placed in the flow
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FPO

Figure 3-1. Generalized compressibility factor for simple fluid. (Adapted with
permission from Journal of the American Chemical Society, © 1955, American
Chemical Society.)

stream. The gas is brought to rest at the probe tip. The relationship between
total and static pressure is given in the following relationship:

pV?
2g,

Pf:PS+ (3'3)

where pV'?/2gc is the dynamic pressure head that denotes the velocity of the
moving gas.

Static temperature is the temperature of the flowing gas. This temperature
rises because of the random motion of the fluid molecules. The static
temperature can only be measured by a measurement at rest relative to the
moving gas. The measurement of the static temperature is a difficult, if not
impossible, task.
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Total temperature is the temperature rise in the gas if its velocity is brought
to rest in a reversible adiabatic manner. Total temperature can be measured
by the insertion of a thermocouple, RTD or thermometer in the fluid stream.
The relationship between the total temperature and static temperature can
be given:

V2

T, =T
I ot 2¢p8c

(3-4)

Compressibility Effect
The effect of compressibility is important in high mach number machines.
Mach number is the ratio of velocity to the acoustic speed of a gas at a given

temperature M = V' /a. Acoustic speed is defined as the ratio change in
pressure of the gas with respect to its density if the entropy is held constant:

With incompressibile fluids, the value of the acoustic speed tends toward
infinity. For isentropic flow, the equation of state for a perfect gas can be
written:

P/p" = const

Therefore,

InP — ~Inp = const (3-6)

Differentiating the previous equation, the following relationship is
obtained:

T, =0 (3-7)

For an isentropic flow, the acoustic speed can be written:

a> = dP/dp
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Therefore,

@ =~P[p (3-8)

Substituting the general equation of state and the definition of the acous-
tic velocity, the following equation is obtained:

@ = 78 RT; (3-9)

where T (static temperature) is the temperature of the moving gas stream.
Since the static temperature cannot be measured, the value of static
temperature must be computed using the measurements of static pressure,
and total pressure and temperature. The relationship between static
temperature and total temperature is given by the following relationship:

T, 72
1 3-10
T.r * 2gcCpTv ( )

where the specific heat ¢, at constant volume can be written:
¢p=—— (3-11)

and where ~ is the ratio of the specific heats

C
14
’Y:
Cy

Combining Equations (3-10) and (3-11) gives the following relationship:

T, y=1. 5
—=14+—M 3-12

The relationship between the total and static conditions is isentropic;
therefore,

1

T, (P\7
L _ (& 1
7 (7) @13
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and the relationship between total pressure and static pressure can be
written:

P, v—1 ) =
T (1+—Mm 3-14
b (+ . (3-14)

By measuring the total and static pressure and using Equation (3-14), the
Mach number can be calculated. Using Equation (3-12), the static tempera-
ture can be computed, since the total temperature can be measured. Finally,
using the definition of Mach number, the velocity of the gas stream can be
calculated.

The Aerothermal Equations

The gas stream can be defined by the three basic aerothermal equations:
(1) continuity, (2) momentum, and (3) energy.

The Continuity Equation

The continuity equation is a mathematical formulation of the law of
conservation of mass of a gas that is a continuum. The law of conservation
of mass states that the mass of a volume moving with the fluid remains
unchanged

m= pAV
where:

m = mass flow rate
p = fluid density
A = cross-sectional area

V' = gas velocity
The previous equation can be written in the differential form

da dv dp

-1
Tt (3-15)
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The Momentum Equation

The momentum equation is a mathematical formulation of the law of
conservation of momentum. It states that the rate of change in linear
momentum of a volume moving with a fluid is equal to the surface forces
and body forces acting on a fluid. Figure 3-2 shows the velocity components
in a generalized turbomachine. The velocity vectors as shown are resolved
into three mutually perpendicular components: the axial component (V,),
the tangential component (V}), and the radial component (V,,).

By examining each of these velocities, the following characteristics can be
noted: the change in the magnitude of the axial velocity gives rise to an axial
force which is taken up by a thrust bearing, the change in radial velocity gives
rise to a radial force which is taken up by the journal bearing. The tangential

/w,_.__,_ R
77
P
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v b

/z WG \

Figure 3-2. Velocity vectors in compressor rotor flow.
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component is the only component that causes a force that corresponds to
a change in angular momentum; the other two velocity components have
no effect on this force—except for what bearing friction may arise.

By applying the conservation of momentum principle, the change in
angular momentum obtained by the change in the tangential velocity is
equal to the summation of all the forces applied on the rotor. This summa-
tion is the net torque of the rotor. A certain mass of fluid enters the
turbomachine with an initial velocity Vy,, at a radius r, and leaves with a
tangential velocity Vj, at a radius rp. Assuming that the mass flow rate
through the turbomachine remains unchanged, the torque exerted by the
change in angular velocity can be written:

m
T:_(ergl_r2V9z) (3-16)

¢

The rate of change of energy transfer (ft-1bs/sec) is the product of the
torque and the angular velocity (w)

Tw = m (nwVe, — rnwVe) (3-17)

c

Thus, the total energy transfer can be written:

m
E=—(UVy — UsVy,) (3-18)

c

where U; and U, are the linear velocity of the rotor at the respective radii.
The previous relation per unit mass flow can be written:

1
H=—(UVy — UxVy,) (3-19)

c

where H is the energy transfer per unit mass flow ft-Iby/lb,, or fluid pressure.
Equation (3-19) is known as the Euler turbine equation.

Theequation of motion as given in terms of angular momentum can be trans-
formed into other forms that are more convenient to understanding some
of the basic design components. To understand the flow in a turbomachine,
the concepts of aboslute and relative velocity must be grasped. Absolute
velocity (V') is gas velocity with respect to a stationary coordinate system.
Relative velocity (W) is the velocity relative to the rotor. In turbomachinery,
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the air entering the rotor will have a relative velocity component parallel to
the rotor blade, and an absolute velocity component parallel to the station-
ary blades. Mathematically, this relationship is written:

V=w-+U (3-20)

where the absolute velocity (V') is the algebraic addition of the relative
velocity (W) and the linear rotor velocity (U). The absolute velocity can
be resolved into its components, the radial or meridional velocity (V,,,) and
the tangential component Vy. From Figure 3-3, the following relationships
are obtained:

Vii=V; +V,

m

sz = Vﬂzz + Vliz

W12 = (U] — Vgl)2 + Vil
Wt = (Uy—Vy,) + V2, (3-21)

W, v,
1

1

U,

W,

Figure 3-3. Velocity triangles for an axial-flow compressor.
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By placing these relationships into the Euler turbine equation, the follow-
ing relationship is obtained:

H:%‘%[(W— V2 + (U2 = U2) + (W27 = W) | (3-22)

The Energy Equation

The energy equation is the mathematical formulation of the law of con-
servation of energy. It states that the rate at which energy enters the volume of a
moving fluid is equal to the rate at which work is done on the surroundings
by the fluid within the volume and the rate at which energy increases within
the moving fluid. The energy in a moving fluid is composed of internal, flow,
kinetic, and potential energy

P "N
€ +—+
P1

2 2
P V:
+Z]+1Q2:€2+7Z+ 2

+ Z> + 1(Work 3-23
2. p Tag PRI Wokd: (32

For isentropic flow, the energy equation can be written as follows, noting
that the addition of internal and flow energies can be written as the enthalpy
(h) of the fluid:

V2 v,
2g(? 2gc

1(Work)2 = (/’11 — h2) + ( ) + (Zl — ZQ) (3-24)

Combining the energy and momentum equations provides the following
relationships:

V2 12
(hy —h) + <2gc — 7S

Assuming that there is no change in potential energies, the equation can be
written:

1
+ (Z] — 7)) = g—[U] Vo, — Us V@z] (3-25)

&

2

PR W U B - Yo, — vy (3-26)
4! 2gc 2 2gc — Nt 2t — . 176, 2V 0,

Assuming that the gas is thermally and calorifically perfect, the equation
can be written:

1

p8c
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For isentropic flow,

=1
T2t (P2f>T

U 3-28
Tll Plr ( )

By combining Equations (3-27) and (3-28),

Py, Crge

Ty, [U\ Vg, — UsVy,) (3-29)

Efficiencies
Adiabatic Efficiency

The work in a compressor or turbine under ideal conditions occurs at
constant entropy as shown in Figures 3-4 and 3-5, respectively. The actual

enthalpy, h
~N

/ P,

entropy

Figure 3-4. Entropy-enthalpy diagram of a compressor.
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Figure 3-5. Entropy-enthalpy diagram of a turbine.

work done is indicated by the dotted line. The isentropic efficiency of the
compressor can be written in terms of the total changes in enthalpy

_ Isentropic work  (/a; — hy,)id

= = 3-30
hde = A ctual work (o, — hiy)act (3-30)

This equation can be rewritten for a thermally and calorifically perfect gas
in terms of total pressure and temperature as follows:

B/

The process between 1 and 2’ can be defined by the following equation of
state:

Nad, =

P
— = const (3-32)
0
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where n is some polytropic process. The adiabatic efficiency can then be
represented by
1

-1 n=l
(7) 1)/ |G) -
Py Py,

The isentropic efficiency of the turbine can be written in terms of the total
enthalpy change

Nad, = (3-33)

Actual work B ha, — hy;

- — 3-34
"lad, Isentropic work /3, — hy, (3-34)

This equation can be rewritten for a thermally and calorifically perfect gas
in terms of total pressure and temperature

T4’z]
1—
{ T
1
P4x>"_"
I
(P3r

Polytropic Efficiency

Tlad, = (3-35)

Polytropic efficiency is another concept of efficiency often used in com-
pressor evaluation. It is often referred to as small stage or infinitesimal stage
efficiency. It is the true aerodynamic efficiency exclusive of the pressure-ratio
effect. The efficiency is the same as if the fluid is incompressible and identical
with the hydraulic efficiency

1-1

{1 + “;fz’] T
Tpe = = — (3-36)
|:l dP2t:| n _1
Py,

which can be expanded assuming that
szt

1t
Neglecting second-order terms, the following relationship is obtained:

v—1
Tpe = —1 (3-37)

< <1
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From this relationship, it is obvious that polytropic efficiency is the lim-
iting value of the isentropic efficiency as the pressure increase approaches
zero, and the value of the polytropic efficiency is higher than the correspond-
ing adiabatic efficiency. Figure 3-6 shows the relationship between adiabatic
and polytropic efficiency as the pressure ratio across the compressor
increases. Figure 3-7 shows the relationship across the turbine.

Another characteristic of polytropic efficiency is that the polytropic effi-
ciency of a multistage unit is equal to the stage efficiency if each stage has the
same efficiency.

Dimensional Analysis

Turbomachines can be compared with each other by dimensional analysis.
This analysis produces various types of geometrically similar parameters.
Dimensional analysis is a procedure where variables representing a physical
situation are reduced into groups, which are dimensionless. These dimen-
sionless groups can then be used to compare performance of various types of
machines with each other. Dimensional analysis as used in turbomachines
can be employed to: (1) compare data from various types of machines—it is
a useful technique in the development of blade passages and blade profiles,
(2) select various types of units based on maximum efficiency and pressure
head required, and (3) predict a prototype’s performance from tests con-
ducted on a smaller scale model or at lower speeds.
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Figure 3-6. Relationship between adiabatic and polytropic efficiency.
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Figure 3-7. Overall and polytropic efficiency expansion.

Dimensional analysis leads to various dimensionless parameters, which
are based on the dimension’s mass (M), length (L), and time (7). Based on
these elements, one can obtain various independent parameters such as
density (p), viscosity (u), speed (N), diameter (D), and velocity (V). The
independent parameters lead to forming various dimensionless groups,
which are used in fluid mechanics of turbomachines. Reynolds number is
the ratio of the inertia forces to the viscous forces

__pVD
i

R, (3-38)

where p is the density of the gas, V' the velocity, D the diameter of the
impeller, and p the viscosity of the gas.

The specific speed compares the head and flow rate in geometrically
similar machines at various speeds

N
N, = H}/E (3-39)

where H is the adiabiatic head, Q is the volume rate, and N the speed.
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The specific diameter compares head and flow rates in geometrically
similar machines at various diameters

DH1/4
=0

The flow coefficient is the capacity of the flow rate expressed in dimen-
sionless form

(3-40)

0

¢ = ND? (3'41)

The pressure coefficient is the pressure or pressure rise expressed in
dimensionless form

H

= (3-42)

The previous equations are some of the major dimensionless parameters.
For the flow to remain dynamically similar, all the parameters must remain
constant; however, constancy is not possible in a practical sense, so one must
make choices.

In selecting turbomachines the choice of specific speed and specific dia-
meter determines the most suitable compressor (Figure 3-8a) and turbine
(Figure 3-8b). It is obvious from Figure 3-8a that high-head and low-flow
require a positive displacement unit, a medium-head and medium-flow
require a centrifugal unit, and high-flow and low-head require an axial-
flow unit. Figure 3-8a also shows the efficiency of the various types of com-
pressors. This comparison can be made with the different compressors.
While results from Figures 3-8a and 3-8b may vary with actual machines,
the results do give a good indication of the type of turbomachine required
for the head at the highest efficiency.

Flow coefficients and pressure coefficients can be used to determine
various off-design characteristics. Reynolds number affects the flow calcula-
tions for skin friction and velocity distribution.

When using dimensional analysis in computing or predicting performance
based on tests performed on smaller-scale units, it is not physically possible
to keep all parameters constant. The variation of the final results will depend
on the scale-up factor and the difference in the fluid medium. It is important
in any type of dimensionless study to understand the limit of the parameters
and that the geometrical scale-up of similar parameters must remain constant.
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Many scale-ups have developed major problems because stress, vibration,
and other dynamic factors were not considered.

Compressor Performance Characteristics

Compressor performance can be represented in various ways. The com-
monly accepted practice is to plot the speed lines as a function of the
pressure delivered and the flow. Figure 3-9 is a performance map for a
centrifugal compressor. The constant speed lines shown in Figure 3-9 are
constant aero-dynamic speed lines, not constant mechanical speed lines.

The actual mass flow rates and speeds are corrected by factor (v/8/6) and
(1/+/6) respectively, reflecting variations in inlet temperature and pressure.
The surge line joins different speed lines where the compressor’s operation
becomes unstable. A compressor is in surge when the main flow through a
compressor reverses direction for short time intervals, during which the back
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Figure 3-9. Typical centrifugal compressor performance characteristics.



Compressor and Turbine Performance Characteristics 131

(exit) pressure drops and the main flow assumes its proper direction. This
process is followed by a rise in back-pressure, causing the main flow to
reverse again. If allowed to persist, this unsteady process may result in
irreparable damage to the machine. Lines of constant adiabatic efficiency
(sometimes called efficiency islands) are also plotted on the compressor map.
A condition known as “choke” indicates the maximum mass flow rate
possible through a compressor at operating speed (Figure 3-9). Flow rate
cannot be increased, since at this point it is beyond Mach one at the
minimum area of the compressor, or a phenomenon known as “stone
walling” occurs, causing a rapid drop in efficiency and pressure ratio.
Figure 3-10 shows a similar performance map for an axial-flow com-
pressor. Note the smaller operational flow range for the axial-flow compres-
sor as compared to the centrifugal compressor. Figure 3-11 shows a typical
compressor map presented from a slightly different viewpoint. On this map,
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Figure 3-10. Typical flow map for an axial-flow compressor.
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Figure 3-11. Typical compressor map where speedlines are a function of horse-
power and flow rate.

the constant aerodynamic speed lines are functions of the power and flow
rate. Constant pressure lines and efficiency islands are also shown on the
same map.

Turbine Performance Characteristics

The two types of turbines—axial-flow and radial-inflow turbines—can be
divided further into impulse or reaction type units. Impulse turbines take
their entire enthalpy drop through the nozzles, while the reaction turbine
takes a partial drop through both the nozzles and the impeller blades.

The two conditions that vary the most in a turbine are the inlet pressure
and temperature. Two diagrams are needed to show their characteristics.
Figure 3-12 is a performance map that shows the effect of turbine inlet
temperature and pressure, while power is dependent on the efficiency of
the unit, the flow rate, and the available energy (turbine inlet temperature).
The effect of efficiency with speed is shown in Figure 3-13. Figure 3-13 also
shows the difference between an impulse and a 50% reaction turbine. An
impulse turbine is a zero-reaction turbine.



Compressor and Turbine Performance Characteristics 133

120
Turbine Inlet Temperature °F(°C)
2500°F (1371°C)
2200°F (1204°C)
100 1900°F (1038°C)
1600°F (871°C)
1300°F (704°C)
. 1000°F (538°C)
X 80—
< 100
[}
E
(o]
o
£ 60 90
<
4]
[ 80
£
£
2 40— 70
Inlet Pressure (%)
20—+ 60
50
40
0 I I I I I I I
0 20 40 60 80 100 120 140 160
Gas Flow (%)
Figure 3-12. Turbine performance map.
10 — T
< ma € max nozzle
’J—‘ angle a = 20°
8 ANAT TN
] | N
o\ | \
€
R=0 R =05 §
) I il \
U —a7 |\ [U -4
v1 | v|
2 . |
. ] : \
0 L H

0o 2 4 6 8 10 12 14 16 18 20
u/v
Figure 3-13. Variation of utilization factor with U/V; for R = 0and R = 0.5. (From

Principles of Turbomachinery by Dennis G. Shepherd, © 1956 by Macmillan
Publishing Co., Inc.)



134 Gas Turbine Engineering Handbook

Gas Turbine Performance Computation

The following is a sample computation of the techniques used to deter-
mine the performance of a gas turbine. A test was run on a G.E. Frame 5
simple-cycle single-shaft unit as shown in Figure 3-14. The exhaust energy
from this unit was recovered in a heat recovery boiler, which with supple-
mentary gas firing, delivered 175,000 Ibs/hr (79,545 kg/hr) of steam at 655 psia
(44.8 Bar) and 750°F (398°C). It has a small steam turbine that acts as
a starter unit. Figure 3-15 is a schematic of the system. The gas turbine was
operated from about 25% load to full load. Full load was determined to

inlet exhaust

1 load
o gear
_ /] Tj[[
acc. gear q —

| m— — | mevem —T T

Figure 3-14. Typical industrial gas turbine.
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fuel oil

boiler

steam
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Figure 3-15. Schematic of combined cycle gas turbine.
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be when the turbine’s automatic controls took over. These controls are
actuated by the exhaust temperature.

Figure 3-16 shows the effect of efficiency as a function of the load for both
the compressor and turbine. Part-load turbine efficiencies are affected more
than compressor efficiencies. The discrepancy results from the compressor
operating at a relatively constant inlet temperature, pressure, and pressure
ratio, while the turbine inlet temperature is greatly varied (Figure 3-17).
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Figure 3-16. Compressor and turbine efficiency as a function of load.
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Figure 3-17. Turbine inlet temperature as a function of turbine load.
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The turbine pressure ratio, however, remains relatively constant. The back-
pressure on the turbine was measured at a relatively constant value
of 30.25inches Hg abs (1.02 Bar). This value creates about a 9-inch H,O
(228 mm H,0O) back-pressure on the turbine. The efficiency of the compres-
sor is based on the following equation:

PN
2 !

— -1
(Pn> ]

A Tact

Ta

ne = (3-43)

where:

T, = inlet temperature
P, = pressure at compressor outlet
P, = pressure at compressor inlet
AT, = actual temperature rise in the compressor
~ = specific heat ratio; average value between
inlet and outlet temperature was used

The turbine efficiency calculation is more complex. The first part is the
calculation of the turbine inlet temperature. The calculation is based on the
following equation:

mgepy Tio + i (LHV natural gas)

Ts5 = ; ;
' cpzep3 (g + 1)

(3-44)

where:

T, = temperature at the outlet of the compressor
cp = specific heat at constant pressure
ry = mass flow rate for the fuel
m, = mass flow rate of the air
1, = combustion efficiency
(LHYV) = lower heating value of the natural gas supplied
(950 Btu/cu ft [(35,426 kJ /cu m)] and specific gravity 0.557)
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The mass flow value of the air was obtained by measuring the flow at the
inlet of the gas turbine using an ion-gun velocimeter. Figure 3-18 shows the
values obtained across the inlet. These values give an average flow rate of
720,868 Ibs/hr (327,667 kg/hr). This flow rate is within experimental accu-
racy. The temperature drop in the turbine is based on an energy balance and
is given by the following equation:

W j a cav
load Mo Pow AT, (3-45)

ATet = : - -
ot 77gen (m/ + ma)cPavg (mf + ma) cP(uvg

where:

Wioad = generator output in kilowatts
Neen = generator efficiency

cp,,, = turbine average specific heat
cp,,, = compressor average specific heat

ATy, = temperature drop in turbine
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Mass Flow Rate = 720,868 Ib/hr, 327,667 kg/hr
Percent Deviation = +0.1%

Figure 3-18. Typical inlet velocity profile for an industrial gas turbine.
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The temperature drop calculated in this manner was compared to the drop
calculated by subtracting the measured average exhaust temperature reading
from the inlet temperature as obtained by the previous equation. The differ-
ence between these two methods was about 20° at the high-temperature exit.
The second method gives a smaller drop, indicating that the temperature
recorded is lower than the actual temperature. This result is expected, since
the thermocouples are placed a distance downstream from the turbine blades
and are not measuring the actual gas exhaust temperature. This comment is
not a criticism of the control package, since that operates on a base exhaust
temperature.

The turbine efficiency can now be calculated with the use of the following
relationship:

AT,
n = tact (3-46)

1
]
(7)
Py

where the value of v was an average value in the turbine.

T[3 1—

The gas turbine is coupled with a steam recovery boiler. The exhaust gas
from the turbine is used to supplement fire the boiler. The thermal efficiency
of the gas turbine alone was calculated by using the following relationship:

I/Vload x K

Nad = THV) % 0 (3-47)

where:

K = 3,412 BtU/kW-Hr (3,600 KJ/kW-hr)
LHV = heating value, Btu/ft}(kJ/cu m)

Or = volume flow rate of fuel to turbine, ft* /hr (cu m/hr)

The overall system efficiency is based on the following equation:

7. — I/Vload X K
“CTLHV) x Q = tivg (hs — i) + (LHV) Opo

(3-48)
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Figure 3-19. Combined cycle and simple cycle efficiency as a function of gas
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Figure 3-20. Fuel consumption as a function of gas turbine load.
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Figure 3-21. Steam generated by exhaust gases of gas turbine as a function of gas
turbine load.

where:

mg, = mass flow of steam from recovery boiler

hs = enthalpy of the superheated steam
hsw = enthalpy of the feedwater

Op = volume flow rate of fuel to boiler

Figure 3-19 shows the thermal efficiency of the gas turbine and the
Brayton-Rankin cycle (gas turbine exhaust being used in the boiler) based
on the LHV of the gas. This figure shows that below 50% of the rated load,
the combination cycle is not effective. At full load, it is obvious the benefits
one can reap from a combination cycle. Figure 3-20 shows the fuel con-
sumption as a function of the load, and Figure 3-21 shows the amount of
steam generated by the recovery boiler.
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Performance and
Mechanical Standards

The gas turbine is a complex machine, and its performance and reliability
are governed by many standards. The American Society of Mechanical
Engineers (ASME) performance test codes have been written to ensure that
test, are conducted in a manner that guarantees that all turbines are tested
under the same set of rules and conditions to ensure that the test results can
be compared in a judicious manner. The reliability of the turbines depend on
the mechanical codes that govern the design of many gas turbines. The
mechanical standards and codes have been written by both ASME and the
American Petroleum Institute (API).

Major Variables for a Gas Turbine Application

The major variables that affect the gas turbines are the following
factors:

Type of application

Plant location and site configuration
Plant size and efficiency

Type of fuel

Enclosures

Plant operation mode; base or peaking
Start-up techniques

Nk W=

Each of the above points are discussed in the following sections.
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Type of Application

The gas turbine is used in many applications, and the application determines
in most parts the type of gas turbine best suited. The three major types of
applications are aircraft propulsion, power generation, and mechanical drives.

Aircraft Propulsion. The aircraft propulsion gas turbines can be sub-
divided into two major categories, the jet propulsion and turboprop
engines. The jet engine consists of a gasifier section and a propulsive thrust
section as shown in Figure 4-1. The gasifier section is the section of the
turbine, which produces high pressure and temperature gas for the power
turbine. This comprises of a compressor section and a turbine section. the
sole job of the gasifier turbine section is to drive the gas turbine compressor.
This section has one or two shafts. The two-shaft gasifier section usually
exists in the new high pressure type gas turbine where the compressor
produces a very high pressure ratio, and has two different sections. Each
section is comprised many stages. The two different compressor sections
consist of the low pressure compressor section, followed by a high-pressure
section. Each section may have between 10 to 15, stages. The jet engine
has a nozzle following the gasifier turbine, which produces the thrust for the
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Figure 4-1. A schematic of a fan jet engine with a by-pass fan.
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engine. In the newer jet turbines the compressor also has a fan section ahead
of the turbine and a large amount of the air from the fan section by-passes
the rest of the compressor and produces thrust. The thrust from the fan
amounts to more than the thrust from the exhaust.

The jet engine has lead the field of gas turbines in firing temperatures.
Pressure ratio of 40:1 with firing temperatures reaching 2500 °F (1371 °C), is
now the mode of operation of these engines.

The turboprop engine has a power turbine instead of the nozzle as seen
in Figure 4-2. The power turbine drives the propeller. The unit shown
schematically is a two-shaft unit, this enables the speed of the propeller to
be better controlled, as the gasifier turbine can then operate at a nearly
constant speed. Similar engines are used in helicopter drive applications
and many have axial flow compressors with a last stage as a centrifugal
compressor as shown in Figure 1-14.

Mechanical Drives. Mechanical drive gas turbines are widely used to
drive pumps and compressors. Their application is widely used by offshore
and petrochemical industrial complexes. These turbines must be operated at
various speeds and thus usually have a gasifier section and a power section.
These units in most cases are aero-derivative turbines, turbines, which were
originally designed for aircraft application. There are some smaller frame
type units, which have been converted to mechanical drive units with a
gasifier and power turbine.

Power Generation. The power generation turbines can be further
divided into three categories:

1. Small standby power turbines less than 2-MW. The smaller size of
these turbines in many cases have centrifugal compressors driven by
radial inflow turbines, the larger units in this range are usually axial
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Figure 4-2. Schematic of a turboprop engine.
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flow compressors sometimes combined with a centrifugal compressor
as the last stage, operated by axial turbines.

2. Medium-sized gas turbines between 5-50 MW are a combination of
aero-derivative and frame type turbines. These gas turbines have axial
flow compressors and axial flow turbines.

3. Large power turbines over 50480 MW, these are frame-type turbines,
the new large turbines are operating at very high firing temperatures
about 2400 °F (1315°C) with cooling provided by steam, at pressure
ratios approaching 35:1.

Plant Location and Site Configuration

The location of the plant is the principal determination of the type of plant
best configured to meet its needs. Aero-derivatives are used on offshore
platforms. Industrial turbines are mostly used in petrochemical applications,
and the frame type units are used for large power production.

Other important parameters that govern the selection and location of
the plant are distance from transmission lines, location from fuel port or
pipe lines, and type of fuel availability. Site configuration is generally not a
constraint. Periodically, sites are encountered where one plant configuration
or another is best suited.

Plant Type. The determination to have an aero-derivative type gas
turbine or a frame-type gas turbine is the plant location. In most cases if
the plant is located off-shore on a platform then an aero-derivative plant is
required. On most on-shore applications, if the size of the plant exceeds
100 MW then the frame type is best suited for the gas turbine. In smaller
plants between 2-20 MW, the industrial type small turbines best suit the
application, and in plants between 20-100 MW, both aero-derivative or
frame types can apply. Aero-derivatives have lower maintenance and have
high heat-recovery capabilities. In many cases, the type of fuel and service
facilities may be the determination. Natural gas or diesel no. 2 would be
suited for aero-derivative gas turbines, but heavy fuels would require a frame
type gas turbine.

Gas Turbine Size and Efficiency

Gas turbine size is important in the cost of the plant. The larger the gas
turbine the less the initial cost per kW. The aero-derivative turbines have
traditionally been higher in efficiency however, the new frame type tur-
bines have been closing the gap in efficiency. Figure 4-3 shows typical gas
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turbine cost and efficiency as a function of gas turbine output for an
industrial type turbine. Industrial turbines range from micro-turbines of
20kW at an installed cost of nearly $1000/kW and an efficiency of about
15-18%, to turbines rated at about 10 MW at a cost of $500/kW and an
efficiency of about 28-32%. The efficiency in these figures is a simple cycle
gas turbine efficiency. These efficiencies can be increased by regeneration or
other techniques dealt with in detail in Chapter 3. Figure 4-4 shows the
aero-derivative turbines rated between 10 MW to 40 MW with an installed
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cost of $400/kW and an efficiency of about 40%. Figure 4-5 is for a frame
type turbines. These turbines range from about 10 MW to about 250 MW
with an installed cost for the larger units at $350/kW, and efficiencies of the
newer units reaching 40%.

Type of Fuel

The type of fuel is one of the most important aspects that govern the
selection of a gas turbine. Chapter 12 handles the type of fuels and their
effect in detail. Natural gas would be the choice of most operators if natural
gas was available since its effects on pollution is minimal and maintenance
cost would also be the lowest. Table 4-1 shows how the maintenance cost
would increase from natural gas to the heavy oils.
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Figure 4-5. Installed cost and efficiency of frame type turbines.

Table 4-1
Typical Gas Turbine Maintenance Cost Based on Type of Fuel

Type of Fuel Expected Actual Relative Maintenance
Maintenance Cost Cost Factor

Natural gas 0.35 1.0

No. 2 Distillate Oil 0.49 1.4

Typical Crude Oil 0.77 2.2

No. 6 Residual Oil 1.23 3.5
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Aero-derivative gas turbines cannot operate on heavy fuels, thus if heavy
fuels was a criteria then the frame type turbines would have to be used. With
heavy fuels, the power delivered would be reduced after about a weeks of
operation by about 10%. On-line turbine wash is recommended for turbines
with high vanadium content in their fuel, since to counteract vanadium
magnesium salts have to be added. These salts cause the vanadium when
combusted in the turbine to be turned to ashes. This ash settles on the
turbine blades and reduces the cross sectional area, thus reducing the turbine
power.

Enclosures

Gas turbines usually come packaged in their own enclosures. These enclos-
ures are designed so that they limit the noise to 70dB at a 100ft (30 meters)
from the gas turbine. In the case of a combined cycle power plant consisting
of the gas turbine, HRSG, and the steam turbine can be either inside or
outside. While open plants are less expensive than enclosed plants, some
owners prefer to enclose their steam turbines in a building and use perman-
ent cranes for maintenance. Thus leaving the gas turbine and the HRSG in
the open environment. In severe climate areas, the entire plant is enclosed in
a building. Single-shaft combined cycle power plant with the generator in the
middle require a wider building to allow the generator to be moved to
facilitate rotor removal and inspection. Plant arrangements that do not use
axial or side exhaust steam turbines result in a taller building and higher
building costs.

Plant Operation Mode: Base or Peaking

Gas turbines in the petrochemical industries are usually used under base
load conditions powering compressors or pumps. In the power industry, the
gas turbine has traditionally been used in peaking service, especially in the
U.S. and Europe. In the developing world, the gas turbine has been used as
a base loaded plant since the 1960s. Since the 1990s, the gas turbine, being
the prime mover in combined cycle power plants, has been developed to
operate at high pressures and temperatures, consequently high efficiencies
have been achieved. Combined cycle power plants are not as were originally
planned base loaded plants. It is not uncommon for the plant to be cycled
from 40-100% load in a single day, every day of the year. This type of
cycling effects the life of many of the hot section components in the gas
turbine.
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Start-up Techniques

The start-up of a gas turbine is done by the use of electrical motors, diesel
motors, and in plants where there is an independent source of steam by a
steam turbine. New turbines use the generator as a motor for start-up. After
combustion occurs and the turbine reaches a certain speed, the motor
declutches and becomes a generator. Use of a synchronous clutch between
two rotating pieces of equipment is not new. It is very common in use with
start-up equipment. In the case of single-shaft combined cycle power plants,
a synchronous clutch can be used to connect the steam turbine to the gas
turbine. However, use of a clutch in transmitting over 100 MW of power is
new and has n