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Lesson 1 How Does a Gas
Turbine Work

MRSV TIER

1.1 Text

Of the various means of producing mechanical power the turbine is in many
respects the most satisfactory. The absence of reciprocating and rubbing members
means that balancing problems are few, that the lubricating oil consumption is
exceptionally low, and that reliability can be high. The inherent advantages of the
turbine were first realized using water as the working fluid ,and hydroelectric power is
still a significant contributor to the world’s energy resources. Around the turn or the
twentieth century the steam turbine began its career and it has become the most
important prime mover for electricity generation. Steam turbine plants producing well
over 1,000 MW of shaft power with an efficiency of 40 percent are now being used.
Steam turbines were widely used in marine applications,but could not compete with
the thermal efficiency of the diesel engine when fuel costs became important in the
mid 1970s; they are still used, however, in nuclear-powered aircraft carriers and
submarines. In spite of its successful development, the steam turbine does have an
inherent disadvantage. It is that the production of high-pressure high-temperature
steam involves the installation of bulky and expensive steam generating equipment,
whether it be a conventional boiler or nuclear reactor. The significant feature is that
the hot gases produced in the boiler furnace or reactor core never reach the turbine;

they are merely used indirectly to produce an intermediate fluid, namely steam. A
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much more compact power plant results when the water to steam step is eliminated
and the hot gases themselves are used to drive the turbine. Serious development of the
gas turbine began not long before the Second World War with shaft power in mind,
but attention was soon transferred to the turbojet engine for aircraft propulsion. The
gas turbine began to compete successfully in other fields only in the mid 1950s, but
since then it has made a progressively greater impact in an increasing variety of
applications.

In order to produce an expansion through a turbine a pressure ratio must be
provided and the first necessary step in the cycle of a gas turbine plant must therefore
be compression of the working fluid. If after compression the working fluid were to be
expanded directly in the turbine, and there were no losses in either component, the
power developed by the turbine would just equal that absorbed by the compressor.
Thus if the two were coupled together the combination would do no more than turn
itself round. But the power developed by the turbine can be increased by the addition
of energy to raise the temperature of the working fluid prior to expansion. When the
working fluid is air a very suitable means of doing this is by combustion of fuel in the
air which has been compressed. Expansion or the hot working fluid then produces a
greater power output from the turbine,so that it is able to provide a useful output in
addition to driving the compressor. This represents the gas turbine or internal-combust
ion turbine in its simplest form. The three main components are a compressor,
combustion chamber and turbine, connected together as shown diagrammatically in
Fig. 1-1.

fuel

combustion
chamber

air U exhaust gas

power output

compressor turbine

Fig. 1 -1 Single gas turbine system



In practice,losses occur in both the compressor and turbine which increase the
power absorbed by the compressor and decrease the power output of the turbine. A
certain addition to the energy of the working fluid,and hence a certain fuel supply,
will therefore be required before the one component can drive the other. This fuel
produces no useful power,so that the component losses contribute to a lowering of the
efficiency of the machine. Further addition of fuel will result in a useful power
output , although for a given flow of air there is a limit to the rate at which fuel can be
supplied and therefore to the net power output. The maximum fuel/air ratio that may
be used is governed by the working temperature of the highly stressed turbine blades,
which temperature must not be allowed to exceed a certain critical value. This value
depends upon the creep strength of the materials used in the construction of the
turbine and the working life required.

These then are the two main factors affecting the performance of gas turbines:
component efficiencies and turbine working temperature. The higher they can be
made, the better the all-round performance of the plant. It was, in fact, low
efficiencies and poor turbine materials which brought about the failure of a number of
early attempts to construct a gas turbine engine. For example,in 1904 two French
engineers , Armengaud and Lemale ,built a unit which did little more than turn itself
over; the compressor efficiency was probably no more than 60 percent and the
maximum gas temperature that could be used was about 740 K.

It will be shown in Lesson 2 that the overall efficiency of the gas turbine cycle
depends primarily upon the pressure ratio of the compressor. The difficulty of
obtaining a sufficiently high pressure ratio with an adequate compressor efficiency
was not resolved until the science of aerodynamics could be applied to the problem.
The development of the gas turbine has gone hand in hand with the development of
this science, and that of metallurgy, with the result that it is now possible to find
advanced engines using pressure ratios of up to 35: 1, component efficiencies of
83 —90 percent,and turbine inlet temperatures exceeding 1,650 K.

In the earliest days of the gas turbine,two possible systems of combustion were

proposed ; one at constant pressure, the other at constant volume. Theoretically, the




N nsanewxs

thermal efficiency or the constant volume cycle is higher than that of the constant
pressure cycle, but the mechanical difficulties are very much greater. With heat
addition at constant volume, valves are necessary to isolate the combustion chamber
from the compressor and turbine. Combustion is therefore intermittent, which impairs
the smooth running of the machine. It is difficult to design a turbine to operate
efficiently under such conditions, although several fairly successful attempts were
made in Germany during the period 1908 — 1930 to construct gas turbines operating
on this system,the development of the constant volume type has been discontinued.
In the constant pressure gas turbine, combustion is a continuous process in which
valves are unnecessary and it is soon accepted that the constant pressure cycle had
the greater possibilities for future development. A key advantage of the constant
pressure system was its ability to handle high mass flows,which in turn lead to high
power.

It is important to realize that in the gas turbine the processes of compression,
combustion and expansion do not occur in a single component as they do in a
reciprocating engine. They occur in components which are separate in the sense that
they can be designed, tested and developed individually, and these components can
be linked together to form a gas turbine unit in a variety of ways. The possible
number of components is not limited to the three already mentioned. Other
compressors and turbines can be added, with intercoolers between the compressors,
and reheat combustion chambers between the turbines. A heat-exchanger which uses
some of the energy in the turbine exhaust gas to preheat the air entering the
combustion chamber may also be introduced. These refinements may be used to
increase the power output and efficiency of the plant at the expense of added
complexity , weight and cost. The way in which these components are linked together
not only affects the maximum overall thermal efficiency, but also the variation of
efficiency with power output and of output torque with rotational speed. One
arrangement may be suitable for driving an alternator under varying load at constant
speed , while another may be more suitable for driving a ship’s propeller where the

power varies as the cube of the speed.
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Apart from variations of the simple cycle obtained by the addition of these other
components , consideration must be given to two systems distinguished by the use of
open and closed cycles. In the almost universally used open-cycle gas turbine which
has been considered up to this point, fresh atmospheric air is drawn into the circuit
continuously and energy is added by the combustion of fuel in the working fluid
itself. The products or combustion are expanded through the turbine and exhausted to
the atmosphere. In the alternative,and rarely used, closed cycle shown in Fig. 1 -2
the same working fluid, be it air or some other gas, is repeatedly circulated through
the machine. Clearly in this type of plant the fuel cannot be burnt in the working fluid
and the necessary energy must be added in a heater or " gas-boiler" wherein the fuel
is burnt in a separate air stream supplied by an auxiliary fan. The closed cycle is more
akin to that of steam turbine plant in that the combustion gases does not itself pass
through the turbine. In the gas turbine the " condenser" takes the form of a pre-cooler
for cooling of the gas before it re-enters the compressor. Although little used,
numerous advantages are claimed for the closed cycle.

heater

EAAAAAAAA:

\AAAAALAAAAS

precooler

Fig. 1 -2 Simple closed cycle

Finally, various combined gas and steam cycles are now widely used for electric
power generation, with thermal efficiencies approaching 60 percent. The gas turbine
exhaust , typically at a temperature of 500 —600 °C ,is used to raise steam in a waste
heat boiler( WHB) or heat recovery steam generator( HRSG) ;this steam is then used
in a steam turbine which drives a generator. Fig. 1 —3 shows such a system,using a

dual-pressure steam cycle. With increasing cycle temperatures the exhaust gas
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entering the HRSG is hot enough to permit the use of a triple-pressure steam cycle
incorporating a stage of reheat, and this is becoming common in large base-load
power stations. It should be noted that the turbine exhaust has an unused oxygen
content and it is possible to burn additional fuel in the boiler to raise steam output;
this supplementary firing is most likely to be used with gas turbines operating at a
relatively low exhaust gas temperature. The steam produced may be used in a process
such as paper drying, brewing or building heating as well as producing electricity ,and
this is referred to as cogeneration or combined heat and power( CHP). Although the
characteristic compactness of the gas turbine is sacrificed in binary cycle plant, the
efficiency is so much higher than obtainable with the simple cycle that such turbines

are now widely used for large-scale electricity generating stations.

exhaust

LP econ |

LP evap m@‘

HPecon |[Com]

HPevap |Dovwwent—1 :?-‘
fuel HP supht |

HP LP steam
generator ::;g?:‘e condenser

Fig. 1 -3 Combined gas and steam cycle

The gas turbine has proved itself to be an extremely versatile prime mover,and
has been used for a wide variety of functions,ranging from electric power generation ,
mechanical drive systems and jet propulsion to the supply of process heat and
compressed air. The remainder of this introduction is intended to emphasize the wide
range of applications. We commence, however, by discussing the various ways in
which the components can be linked together to produce shaft power. Gas turbines for
electric power generation pump drives for gas or liquid pipelines and land and sea
transport will be considered before turning our attention to aircraft propulsion. The

vast majority of land-based gas turbines are in use for the first two of these, and



Lesson 1 How Does a Gas Turbine Wokrk‘-_

applications to land and sea transport are still in their infancy, although the gas

turbine has been widely used in naval applications since the 1970s.

1.2 New words and expessions in text

reciprocating
installation

compact

eliminate

pressure ratio
component

prior to
internal-combustion
combustion chamber
net power output
govern

turbine blade
exceed

certain critical value
creep strength
performance
aerodynamic

metallurgy

reheat combustion chamber

exhaust
refinement
variation

alternator
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1.3 Paraphrase of difficult sentences

1. Steam turbine plants producing well over 1,000 MW of shaft power with an
efficiency of 40 percent are now being used. Steam turbines were widely used in
marine applications,but could not compete with the thermal efficiency of the diesel
engine when fuel costs became important in the mid 1970s; they are still used,
however, in nuclear-powered aircraft carriers and submarines.

H AT EAE 8 R AR AL A = IR AR DL A L R 3k 40% , B ) R AE
1000 MW DL |, ¥EEHL T IZ R A FAEAR , (BT 1970 A b OB A AR 15 &
T, HEH: S Sl R sh LA RS AR 38 SR T, AT 10 TR sh o s B
PRI A L

2. It is that the production of high-pressure high-temperature steam involves the
installation of bulky and expensive steam generating equipment, whether it be a
conventional boiler or nuclear reactor.

TEVE 2 B R P R AR S M, W T TR AR VRN A 7 R AR
B B AR A AR B

3. Serious development of the gas turbine began not long before the Second
World War with shaft power in mind , but attention was soon transferred to the turbojet
engine for aircraft propulsion.

RAE PR PR R R AE SR — R R KR Z RTEIT 4R 1T, i AT B FE % 1R
s gl sl s (HARRSHEE S EB D TH T Chlsh HEE MRS &5
Pl

4. The maximum fuel/air ratio that may be used is governed by the working
temperature of the highly stressed turbine blades, which temperature must not be
allowed to exceed a certain critical value.

AT f KA 23 R BOR T 52 RN  48 I 9 PR IR,
TG BEANG I 5 — s AE

5.In the earliest days of the gas turbine, two possible systems of combustion
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were proposed :one at constant pressure,the other at constant volume. Theoretically,
the thermal efficiency of the constant volume cycle is higher than that of the constant
pressure cycle,but the mechanical difficulties are very much greater.

TERRR LR R L, S th T PRI T BRI RR G R 45 - B AR B e 2 R be
g b, E AR HUE AR PR PR (EHLAR (s ) RXER RIS £

6. Combustion is therefore intermittent,which impairs the smooth running of the
machine.

P, BRPE R BTG , X BRI BB 1T

7. They occur in components which are separate in the sense that they can be
designed, tested and developed individually, and these components can be linked
together to form a gas turbine unit in a variety of ways.

ETRAELE B AL, B EATRT A o A &, x4 4 m]
AZ R 07 A — , R R — MR LA

8. Other compressors and turbines can be added, with intercoolers between the
compressors, and reheat combustion chambers between the turbines. A heat-
exchanger which uses some of the energy in the turbine exhaust gas to preheat the air
entering the combustion chamber may also be introduced.

] LA HAt SRR S L, 76 TR SIPLZ 1R n b rp (e] v 20 8% , 7 4
Z GNP o A LG A—Fh AT AS , BRI R A A b i — 26 B
BOR T AR ZE 12 R

9. One arrangement may be suitable for driving an alternator under varying load
at constant speed,while another may be more suitable for driving a ship’s propeller
where the power varies as the cube of the speed.

— i B AT RS S T e R T 1 B0 T KB A2 i &k L AL, Tl 55 — i A
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10. It should be noted that the turbine exhaust has an unused oxygen content
and it is possible to burn additional fuel in the boiler to raise steam output; this
supplementary firing is most likely to be used with gas turbines operating at a
relatively low exhaust gas temperature.

LA R, IR LAY R b S ARG S, Al REFE B N A be
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2.1 Text

2.1.1 Compressors

Compressors are either the axial design( with up to 19 stages) or the centrifugal
design ( with one or two impellers). In the axial compressor designs, beam and
cantilever style stator vanes are utilized. Cantilever style stator vanes are used in
compressors where stage loading is relatively light. Compressor pressure ratios have
increased significantly over the past forty years with the aero-derivative consistently
leading the way to higher levels. Pressure ratios, which were 5: 1 at the start of World
War II have increased to 12: 1 for the newer industrial gas turbines. Through the use
of increased stage loading( variable geometry and dual-spool techniques) , compressor
pressure ratios of most recent aero-derivatives have been increased to greater than
30: 1. This advancement in the state of the art is a prime contributor in the overall
increase in simple-cycle thermal efficiency to 35% for aero-derivative gas turbines.
To achieve similar efficiencies the industrial gas turbines have had to use regenerators
and other forms of waste heat recovery.

Courtesy of General Electric Company. Fig. 2 —1 shows the LM2500 stationary
gas turbine was derived from the CF6 "high bypass ratio" flight engine that powered
the C5A ,the largest military cargo aircraft built in the USA. The LM2500 is ISO base
load rated at 23 megawatts. This cross section of the LM2500 includes the six stage

power turbine. This power turbine was derived from the six stage fan-turbine used in
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a CF6 flight engine. Fig. 2 —2 shows the sketch of a single spool gas twbine.

Fig. 2 -2 Sketch of a single spool gas turbine

2.1.2 Turbines

Turbine nozzle and blade design was,and still is,a function of the performance
match between the turbine and the compressor, and the strength and temperature
resistance of available materials. Present production gas turbines ( aero-derivative,
heavy industrial ,and hybrids) use an impulse-reaction turbine design. Turbine blade
designs in the aero-derivative unit use high aspect ratio blades incorporating tip
shrouds to dampen vibration and improve blade tip sealing characteristics. The heavy
industrial machine incorporates a low aspect ratio( short , thick ) blade with no shroud.
Where long thin airfoils have been used,lacing wire has been removed.

Improvements in metallurgy and casting techniques have allowed designers to

eliminate mid-span shrouds and lacing wires. On many units, aero-derivative , hybrid ,



