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Abstract Gas Turbines (GT) are thermally rated air breathing engine which 5

generates motive power from the combustion of fuel and expansion of gases. Gas 6

turbines are employed in different spares of our daily lives, yet many people are 7

unaware of the cutting-edge technologies used in the creation and operation of these 8

engines. This article explains the principle involved with emphasis on the operation 9

and performance analysis. The application of GT ranges from its use in power 10

generation to aircraft propulsion, ship propulsion, gas compression in pipeline or 11

tankers and others. GT is hugely affected by ambient conditions such as increase 12

or decrease in ambient temperature. The operation of GT follows the Bryton cycle 13

and detail is given in the paper. The effect of increase in ambient temperature on GT 14

performance has been analyzed and discussed. As the ambient temperature increase, 15

the mass flow reduces and therefore the performance of the GT drops. 16

Keywords Gas turbine · Design · Performance · Temperature · Application · 17

Propulsion 18

9.1 Introduction 19

The gas turbine is unquestionably one of the most important inventions of the twen- 20

tieth century, and it has changed our lives in many ways. Gas turbine development 21

started just before the Second World War with electric power applications in mind, 22

but these were not competitive with existing prime movers such as steam turbines 23

and diesel engines [1]. The first important application of the gas turbine was the 24

development of the military jet engine towards the end of the Second World War, 25

when it provided a step change in speed from the existing propeller driven aircraft. 26

These early engines were fuel inefficient, unreliable and extremely noisy, but in less 27
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than 20 years they had matured to become the standard form of propulsion for civil 28

aircraft. By the early 1970s continuous progress in gas turbine engineering led to 29

the development of the high bypass ratio turbo fan and the major improvement in 30

fuel efficiency made the high-capacity wide-body airliner possible. It took longer for 31

the gas turbine to have a similar impact in non-aircraft markets. Early gas turbine 32

for power generation applications were of low power and their thermal efficiency 33

was too low to be competitive. By the end of the twentieth century, however, gas 34

turbines were capable of output. of up to 300 MW with thermal efficiency of 40% 35

and the gas turbine (frequently combined with steam turbine) became widely used 36

in power generation. Gas turbine engineering has improved over the years. The best 37

way to visualize its advancement is by looking at their rising efficiencies over time. 38

A doubling of efficiency has occurred for simple cycles, with the introduction of 39

combined cycles causing a tripling in efficiency. Turbine efficiencies, along with 40

cost and reliability, are among the most important criteria when power producers 41

place orders for new plants. Therefore, the gas turbine gains in efficiency, which is 42

as a result of technological development, have been crucial for their success [2]. 43

To increase efficiencies, turbine designers have worked to increase firing tem- 44

peratures without damaging the turbines themselves. The advantage of having high 45

firing and rotor inlet temperatures (RITs) is that they nudge gas turbine cycles closer 46

to Carnot thermodynamic cycles. However, firing turbines beyond the threshold 47

temperatures of their components threaten their integrity and reliability. Research 48

and development addressing this concern has progressed along two major avenues 49

of development: material improvements and cooling advances [3]. In the family of 50

prime movers, gas turbine has been very prominent because it can be powered using 51

natural gas which is about the environmentally safest fossil fuel [4–6]. 52

9.2 Gas Turbine Operations 53

9.2.1 Gas Turbine Cycle 54

The basic principle of a gas turbine is identical to any engine that extracts energy 55

from chemical fuel. The basic four steps for any internal combustion engine are: 56

1. Intake of air (and possibly fuel). 57

2. Compression of the air (and possibly fuel). 58

3. Combustion, where fuel is injected (if it was not drawn in with the intake air) and 59

burned to convert the stored energy. 60

4. Expansion and exhaust, where the converted energy is used [7]. Figure 9.1 shows 61

gas turbine flow line. 62

In the turbine engine, however, these same four steps occur at the same time but 63

in different places. Because of this fundamental difference, the turbine has engine 64

sections called: 65
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Fig. 9.1 FGas Turbine Line Flow

1. The inlet section. 66

2. The compressor section. 67

3. The combustion section (the combustor). 68

4. The turbine (and exhaust) section. 69

The turbine section of the gas turbine engine has the task of producing usable 70

output shaft power to drive the propeller. In addition, it must also provide power 71

to drive the compressor and all engine accessories. It does this by expanding the 72

high temperature, pressure and gas velocity and converting the gaseous energy to 73

mechanical energy in the form of shaft power. A large mass of air must be supplied 74

to the turbine for it to be able to produce the necessary power. This mass of air is 75

supplied by the compressor, which draws the air into the engine and squeezes it to 76

provide high-pressure air to the turbine. The compressor does this by converting 77

mechanical energy from the turbine to gaseous energy in the form of pressure and 78

temperature. 79

If the compressor and the turbine were 100% efficient, the compressor would 80

supply all the air needed by the turbine. At the same time, the turbine would 81

supply the necessary power to drive the compressor. In this case, a perpetual 82

motion machine would exist. However, frictional losses and mechanical system 83

inefficiencies do not allow a perpetual motion machine to operate. Additional energy 84

must be added to the air to accommodate for these losses. Power output is also 85

desired from the engine (beyond simply driving the compressor); thus, even more 86

energy must be added to the air to produce this excess power. Energy addition to 87

the system is accomplished in the combustor. Chemical energy from fuel as it is 88

burned is converted to gaseous energy in the form of high temperatures and high 89

velocity as the air passes through the combustor. The gaseous energy is converted 90

back to mechanical energy in the turbine, providing power to drive the compressor 91

and the output shaft. At peak load operation, gas turbines is made to operate at very 92

high firing temperatures, this obviously leads to the consequence of reduction in the 93

useful lives of the components [8]. 94
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9.2.2 Engine Sections 95

9.2.2.1 Inlet 96

The air inlet duct must provide clean and unrestricted airflow to the engine. Clean 97

and undisturbed inlet airflow extends engine life by preventing erosion, corrosion, 98

and foreign object damage (FOD). Consideration of atmospheric conditions such 99

as dust, salt, industrial pollution, foreign objects (birds, nuts and bolts), and 100

temperature (icing conditions) must be made when designing the inlet system. 101

Fairings should be installed between the engine air inlet housing and the inlet duct 102

to ensure minimum airflow losses to the engine at all airflow conditions. The inlet 103

duct assembly is usually designed and produced as a separate system rather than as 104

part of the design and production of the engine. 105

9.2.2.2 Compressor 106

The compressor is responsible for providing the turbine with all the air it needs in 107

an efficient manner. In addition, it must supply this air at high static pressures. The 108

example of a large turboprop axial flow compressor will be used. The compressor is 109

assumed to contain 14 stages of rotor blades and stator vanes. The overall pressure 110

ratio (pressure at the back of the compressor compared to pressure at the front 111

of the compressor) is approximately 9.5:1. At 100% (>13,000) RPM, the engine 112

compresses approximately 433 cubic feet of air per second. At standard day air 113

conditions, this equals approximately 33 pounds of air per second. The compressor 114

also raises the temperature of the air by about 550◦ F as the air is compressed and 115

moved rearward. The power required to drive a compressor of this size at maximum 116

rated power is approximately 7000 horsepower. 117

In an axial flow compressor, each stage incrementally boosts the pressure from 118

the previous stage. A single stage of compression consists of a set of rotor blades 119

attached to a rotating disk, followed by stator vanes attached to a stationary ring. The 120

flow area between the compressor blades is slightly divergent. Flow area between 121

compressor vanes is also divergent, but more so than for the blades. 122

In general terms, the compressor rotor blades convert mechanical energy into 123

gaseous energy. This energy conversion greatly increases total pressure (Pt). Most 124

of the increase is in the form of velocity, with a small increase in static pressure due 125

to the divergence of the blade flow paths. 126

The stator vanes slow the air by means of their divergent duct shape, converting 127

‘the accelerated velocity to higher static pressure. The vanes are positioned at an 128

angle such that the exiting air is directed into the rotor blades of the next stage at the 129

most efficient angle. This process is repeated 14 times as the air flows from the first 130

stage through the fourteenth stage. 131

The efficiency of a compressor is primarily determined by the smoothness of the 132

airflow. During design, every effort is made to keep the air flowing smoothly through 133
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the compressor to minimize airflow losses due to friction and turbulence. This task 134

is a difficult one, since the air is forced to flow into ever-higher pressure zones [9]. 135

9.2.2.3 Diffuser 136

Air leaves the compressor through exit guide vanes, which convert the radial 137

component of the air flow out of the compressor to straight-line flow. The air then 138

enters the diffuser section of the engine, which is a very divergent duct. The primary 139

function of the diffuser structure is aerodynamic. The divergent duct shape converts 140

most of the air’s velocity into static pressure. Thus, the highest static pressure 141

and lowest velocity in the entire engine is at the point of diffuser discharge and 142

combustor inlet. 143

9.2.2.4 Combustor 144

Once the air flows through the diffuser, it enters the combustion section, also called 145

the combustor. The combustion section has the difficult task of controlling the 146

burning of large amounts of fuel and air. It must release the heat in a manner that 147

the air is expanded and accelerated to give a smooth and stable stream of uniformly- 148

heated gas at all starting and operating conditions. This task must be accomplished 149

with minimum pressure loss and maximum heat release. In addition, the combustion 150

liners must position and control the fire to prevent flame contact with any metal 151

parts. The engine extracts chemical energy from fuel and converts it to mechanical 152

energy using the gaseous energy of the working fluid (air) to drive the engine and 153

propeller, which, in turn, propel the airplane. 154

9.2.2.5 Turbine 155

The turbine converts the gaseous energy of the air/burned fuel mixture out of the 156

combustor into mechanical energy to drive the compressor, driven accessories, and, 157

through a reduction gear, the propeller. The turbine converts gaseous energy into 158

mechanical energy by expanding the hot, high-pressure gases to a lower temperature 159

and pressure. 160

Each stage of the turbine consists of a row of stationary vanes followed by 161

a row of rotating blades. This is the reverse of the order in the compressor. In 162

the compressor, energy is added to the gas by the rotor blades, then converted to 163

static pressure by the stator vanes. In the turbine, the stator vanes increase gas 164

velocity, and then the rotor blades extract energy [10]. Gas turbine is affected by 165

environmental conditions, this view is upheld by Nasir et al. [11] in which the impact 166

of temperature on gas turbine performance was studied. 167
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9.3 Gas Turbine Applications 168

Gas turbine plants are used as standby plants for the hydroelectric power plants. Gas 169

turbine power plants may be used as peak loads plant and standby plants for smaller 170

power units. Gas turbines are used in jet aircraft and ships. Pulverized fuel-fired 171

plants are used in a locomotive. 172

9.3.1 Aircraft Application 173

To move an airplane through the air, we have to use some kind of propulsion system 174

to generate thrust. The most widely used form of propulsion system for modern 175

aircraft is the gas turbine engine. Turbine engines come in a variety of forms. 176

9.3.2 Application in Power Generation 177

In electricity generating applications the turbine is used to drive a synchronous 178

generator which provides the electrical power output but because the turbine 179

normally operates at very high rotational speeds of 12,000 r.p.m. or more it must be 180

connected to the generator through a high ratio reduction gear since the generators 181

run at speeds of 1000 or 1200 r.p.m. depending on the AC frequency of the 182

electricity grid. 183

9.3.3 Gas Turbine Application in Marines 184

Gas turbines are used in many naval and civilian vessels, where they are valued for 185

their high power-to-weight ratio and their ships’ resulting acceleration and ability to 186

get underway quickly. 187

9.4 Design and off-Design Performance Module 188

In carrying out gas turbine design point simulations, a pressure ratio, component 189

efficiencies and maximum cycle temperature are selected to achieve a required 190

engine performance. The design point simulation determines the thermal efficiency 191

and airflow rate for a given power demand. The modelling and performance 192

simulation of gas turbine engine of simple cycles was carried out using GasTurb. 193

Model results of gas turbine of 40.7 MW Simple Cycle Two Shaft (SCTS) model is 194

presented. 195

https://www.grc.nasa.gov/www/k-12/airplane/airplane.html
https://www.grc.nasa.gov/www/k-12/airplane/bgp.html
https://www.grc.nasa.gov/www/k-12/airplane/thrust1.html
https://www.grc.nasa.gov/www/k-12/airplane/turbine.html
https://en.wikipedia.org/wiki/Naval_vessel
https://en.wikipedia.org/wiki/Power-to-weight_ratio
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Table 9.1 Coal deposits in
Nigeria

Design parameter 40.7 MW SCTS LM2500+
t2.1Mass flow (kg/s) 126.6 69.0
t2.2Overall pressure ratio 30.01 18.8
t2.3Turbine entry temp. (K) 1540 1505
t2.4Thermal efficiency (%) 40.04 37.9

The design point simulation was done based on certain parameters which are 196

estimated to obtain the desired power output. The off-design simulation was done 197

with the prevailing ambient temperature profile of the region where the engine will 198

be installed. The effect of elevation on gas turbine performance is not a major 199

concern in this research because the highest elevation point is 177 m. Although it 200

was shown by Mohammed et al. [7] that power output and mass flow rate reduce 201

as altitudes increase, while the cycle efficiency reduces with increase altitude, 202

change in ambient pressure is important in the performance analysis of a gas turbine 203

because this affects the pressure ratio across the power turbine. One very important 204

parameter from the simulation, which obviously affects the economics of gas turbine 205

project, is the fuel consumption. The basic performance parameters of the gas 206

turbines are presented in Table 9.1. 207

9.4.1 40.7 MW Simple Cycle Two-Shaft Gas Turbine 208

This gas turbine was modelled as a simple cycle engine with the configuration of 209

having a two spool with the low pressure (LP) turbine aerodynamically connected to 210

the power turbine. The model is conceived to have a LP compressor with pressure 211

ratio of 2.45:1 and driven by a LP turbine, high pressure (HP) compressor with 212

pressure ratio of 12.25:1 and driven by a HP turbine. Air leaving the LP compressor 213

is directed into the HP compressor with zero pressure loss and this gives the gas 214

turbine an overall pressure ratio of 30.01. The high and low- pressure turbines drive 215

the high and low-pressure compressor respectively, through concentric drive shafts 216

which rotate independently. 217

The off-design operating range considered for the simulation of ambient temper- 218

ature ranging from 10 ◦C to 50 ◦C. The effects of varying ambient temperature on 219

some performance parameters are presented in Figs. 9.2, 9.3, 9.4, 9.5 and 9.6. For 220

the worst scenario of ambient condition, the gas turbine output power is sufficient for 221

the power demand to compress the natural gas in the modelled natural gas pipeline 222

system. The simulation results of a gas turbine with thermal efficiency of 40.04%, 223

with an overall pressure ratio of 30.01:1 shows the fuel flow of the gas turbine at 224

design point to be 2.3587 kg/s. The effect of the ambient temperature and turbine 225

entry temperature (TET) on the power output is shown in Fig. 9.2. The output power 226

increases with TET and reduces with increase ambient temperature. From materials 227

point of view, the TET cannot be increased ad infinitum to avoid early failure of 228

major components and consequently reduced life of the gas turbine. 229
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Fig. 9.2 Power output against TET for 40.7 MW SCTS

Fig. 9.3 Thermal efficiency against TET (K) for 40.7 MW SCTS

Figure 9.3 shows increase in thermal efficiency with TET at varying ambient 230

temperature. 231

Figure 9.4 shows the change in fuel flow against TET for different ambient 232

temperatures. At off-design condition having higher ambient temperature than 233

the design point, the fuel flow increases, and this is a major parameter in the 234
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Fig. 9.4 Fuel flow against TET for 40.7 MW SCTS

Fig. 9.5 Variation of power output and fuel flow with ambient temperature at constant TET for
40.7 MW SCTS

establishment of the life cycle cost of the plant and the general natural gas pipeline 235

system. 236

At constant TET, the power output and fuel flow variation with ambient temper- 237

ature is shown in Fig. 9.5. As the ambient temperature increases, the power output 238

decreases with consequent reduction in fuel flow. A 6.8% drop in output power 239

which is equivalent to 2.7 MW occurs with a 3.5% rise in ambient temperature, and 240

consequent 5.1% reductions in fuel flow. 241
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Fig. 9.6 Thermal Efficiency at a pressure ratio for 40.7 MW SCTS

9.4.2 Gas Turbine Performance Analysis 242

The type of operation for which the engine is designed dictates the performance 243

requirement of a gas turbine engine. The performance requirement is mainly 244

determined by the amount of shaft horsepower (s.h.p.) the engine develops for a 245

given set of conditions. Most aircraft gas turbine engines are rated at standard day 246

conditions of 15 ◦C and 1.01325 bar. This provides a baseline to which gas turbine 247

engines of all types can be compared. 248

The change in thermal efficiency with variation in overall pressure ratio is shown 249

in Fig. 9.6. As the pressure ratio increases the thermal efficiency increases. This has 250

a limit because of material property. 251

The need for high efficiency in the engine becomes more important as fuels 252

become more expensive. Engine efficiency is primarily defined by the specific fuel 253

consumption (s.f.c.) of the engine at a given set of conditions. Many factors affect 254

both the efficiency and the performance of the engine. The mass flow rate of air 255

through the engine will dictate engine performance. Any restrictions acting against 256

the smooth flow of air through the engine will limit the engine’s performance. 257

The pressure ratio of the compressor, the engine operating temperatures (turbine 258

inlet temperature), and the individual component efficiencies will also influence 259

both the performance and the efficiency of the overall engine. All these factors are 260

considered during the design of the engine. An optimum pressure ratio, turbine inlet 261

temperature, and air mass flow rate are selected to obtain the required performance 262
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in the most efficient manner. In addition, individual engine components are designed 263

to minimize flow losses to maximize component efficiencies. 264

9.4.2.1 Effect of Turbine Temperature 265

The materials used in the turbine section of the engine limit the maximum 266

temperature at which a gas turbine engine can operate. The first metal the hot 267

gases from the combustion section strike is the turbine inlet. The temperature of the 268

gas stream is carefully monitored to ensure that over temperature does not occur. 269

Compromises are made in turbine design to achieve the optimum balance of power, 270

efficiency, cost, engine life, and other factors. The higher temperature allows for 271

increased power and improved efficiency while adding higher cost for the direct 272

cooling of the first turbine stage airfoils and other components. 273

9.4.2.2 Effect of Atmospheric Condition 274

The performance of the gas turbine engine is dependent on the mass of air entering 275

the engine. At a constant speed, the compressor pumps a constant volume of air into 276

the engine with no regard for air mass or density. If the density of the air decreases, 277

the same volume of air will contain less mass, so less power is produced. If air 278

density increases, power output also increases as the air mass flow increases for the 279

same volume of air. Atmospheric conditions affect the performance of the engine 280

since the density of the air will be different under different conditions. On a cold day, 281

the air density is high, so the mass of the air entering the compressor is increased. 282

Thus, higher horsepower is produced. In contrast, on a hot day, or at high altitude, 283

air density is decreased, resulting in a decrease of output shaft power. 284

9.5 Conclusion 285

This paper has discussed the operation and performance analysis of a SCTS 286

40.7 MW gas turbine engine. The operation follows the Bryton and the performance 287

analysis based on ambient condition shows high performance with reduction in 288

ambient temperature as the efficiency increases considerably. Its application span 289

from it being used for propulsion to shaft power delivery. Because gas turbine is a 290

breathing engine, its performance is highly influenced by ambient condition. 291
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