ROLLS

i Rolls-Royce

IAGT Symposium 2011

Gas Turbine Basics

Donald MacDonald

© 2011 Rolls-Royce plc

The information in this document is the property of Rolls-Royce plc and may not be copied or communicated to a third party, or used for any
purpose other than that for which it is supplied without the express written consent of Rolls-Royce plc.

This information is given in good faith based upon the latest information available to Rolls-Royce plc, no warranty or representation is given

concerning such information, which must not be taken as establishing any contractual or other commitment binding upon Rolls-Royce plc or
any of its subsidiary or associated companies.




Contents

® Performance Theory

® Applications

® Engine Examples

® Performance Specifications
® Water Injection

ROLLS

Rolls-Royce



Performance Theory
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Simple Cycle Gas Turbine
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Performance Parameters

Thermal Efficiency Specific Power
= power output / rate of energy input = power output / air mass flow
= PW/(WFE * LHV) = PW /W1
Power Output (PW) Fuel Flow (WFE) & Lower Heating Value (LHV)
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Overall Pressure Ratio Stator Outlet Temperature, SOT (T3)
OPR =P2/P1 Exhaust Temperature (T4)
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Performance Parameters (2)

® High Thermal Efficiency
Reduces fuel consumption
Reduces emissions of carbon dioxide

® High Specific Power
Requires a smaller engine

® High Exhaust Temperature
Important for combined cycle / combined heat & power

® OPR & SOT
Engine performance depends on these
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Effect of OPR and SOT on Thermal Efficiency and
Specific Power

Lines of constant SOT
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The optimum OPR for efficiency differs from that for specific power -
choice of cycle depends on relative importance of each
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Effect of OPR and SOT on Exhaust Temperature

Exhaust Temperature

OPR
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Enhanced Cycles
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Combined Cycle

Source — Gas Turbine Performance, Walsh & Fletcher
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Combined Heat & Power
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Source — Kawasaki, GPB series brochure, Kawasakigasturbines.com
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Combined Cycle Efficiency

100MW Fuel
Energy Rate

—

Gas

Turbine (5 38% 38MW
Cyc/e OUtpUt

62MW GT Exhaust
Steam
Turbine —_20.5MW
Cycle Output
41.5 MW Waste

Overall n = 568.5%

Adapted from Encyclopaedia of Energy, Volume 6, Turbines, Gas
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Effect of OPR & SOT on Simple and Combined Cycle Efficiency
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Specific Power (kW s/kg)
Optimum OPR for combined cycle efficiency is lower than for simple cycle

Adapted from Gas Turbine Performance, Walsh & Fletcher
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Enhanced Cycle Performance
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Some significant gains relative to the simple cycle but at expense of complexity and
size, especially for combined cycles

Source — Gas Turbine Performance, Walsh & Fletcher
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Applications
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Power Generation & Mechanical Drive

Power Generation

Oil Refinery

Transport

Adapted from Jet Engines in Energy, Paul Fletcher
A
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Power Generation Applications

. . Power per
Plant type Examples of applications engine (MW)
Standby generator Emergency power supply for office block, hospital 0.25-1.5
small scale CHP Power & heating for hospital, small process factory 0.5-10
|arge scale CHP Power & heating for tovyn of up tp 25000 people or large 10 - 60
process factory, exporting electrical power
Peak lopping Supply to grid during periods of peak demand 20 - 60
Mid merit power station Supply to grid during seasonal periods of higher demand 30 - 60
Base load power station Continuous supply to grid 50-500+

Source — Gas Turbine Performance, Walsh & Fletcher
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Ratings Definitions

Class Power Rating Hours / year Starts / year

A Reserve peak Up to 500

B Peak Up to 2000

B ISO standard 2000 500 average
peak load

C Semi-base Up to 6000

D Base Up to 8760

D ISO standard 8760 25 average
base load

Source — Gas Turbine Performance, Walsh & Fletcher
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Gas Turbine Orders - 2010

Power Generation Market Mechanical Drive Market
Total Units - 687 Total Units - 147
Total Engine Output - 33.0GW Total Engine Output - 3.6GW
80% 50%
& Units Ordered - B Units Ordered
70% 1| g Total Engine Output MWe)| -~~~ T 7 [ s 8 Total Engine Output (MWe)
60% A
50% - 30% -
40% Sl =
30% | 20% 1
20%
10%
10%
0% 0%
1to 10 1010 20 20 to 30 30 to 60 60to 120 120 & above 1t010 10 to 20 20 to 30 30 to 60 60to 120 120 & abowe
Output Range (MW) Output Range (MW)

Power generation market is larger and more diverse, in terms of range of power

Source — 2010 Order Surveys, Diesel & Gas Turbine Worldwide
A
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Engine Examples
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OPRA OP16 Small Scale CHP Gas Turbine

AIR INLET
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Source: GT World 2009 Performance Specs

Compact, robust machine, low OPR (6.7) results in relatively high exhaust
temperature — suitable for combined heat & power applications
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Rolls-Royce RB211-G62 Aeroderivative Gas Turbine
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Source — Rolls-Royce

Flexible operation & high efficiency in simple cycle (OPR ~21), suitable for off-
shore power generation, peak lopping & mechanical drive applications
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General Electric 9FB Heavy Duty Gas Turbine

Dry Low NOx

Combustors
l Single spool
configuration

Compressor (18 stage) with
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ISO Base Rating: 284 000 kW -

Source - GT World 2009 Performance Specs

Baseload power generation machine, OPR of 18 - optimised for combined cycle
applications
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Typical Installation

In[ake S Filters

Exhaust stack ——

Bleed ducts

Driven Enclosure

equipment
(pipeline gas
compressor
shown)

Engine!

e

plateEngine removal:
Temporary rails

Sliding panels

IS -

system

Base plate

Inlet & exhaust losses are typically 100 / 125 mm water in simple cycle.
Causes about 2-3% loss of power & about 0.5% loss of thermal efficiency.
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Inter-cooled Engine, General Electric LMS100

From intercooler

W
oSN ol

To intercooler

LPC
(Booster)

Wet intercooler system

PT

Very high levels of specific power and thermal efficiency (intercooling permits increase in OPR
and SOT without increasing HPT blade metal temperature, due to reduced cooling air temp)
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Reheated Engine (Sequential Combustion), Alstom GT26

SEQUENTIAL COMBUSTION
T

't

Qey

We

Specific Enthalpy

-Higher specific power at a
lower SOT than a conventional
configuration.

- High exhaust temperature.

- First combustor is fuelled to
maintain constant SOT for
better part-load efficiency.

Rolls-Royce

|ROYCE]




Recuperated Engine, Solar Mercury 50

Waste heat from the exhaust heats compressor delivery air,
reducing the amount of fuel required to achieve a given SOT.

Very high efficiency is achieved at low OPR (~9).
Very good part-load efficiency

Specific power not significantly affected
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Combined Cycle Plant

Gas turbine

// Generator

Stearm turbing

Transiormmer

yard Generator leads i

Elec. and 15C container

Steam cycle plant is much larger than the gas turbine!

Source - Siemens
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Performance Specifications
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Thermal Efficiency versus Power
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Data from 2009 Performance Specs, 26th Edition, Gas Turbine World
A
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Thermal Efficiency versus OPR
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Data from 2009 Performance Specs, 26th Edition, Gas Turbine World
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Specific Power versus OPR
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Data from 2009 Performance Specs, 26th Edition, Gas Turbine World
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Exhaust Temperature versus OPR
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Data from 2009 Performance Specs, 26th Edition, Gas Turbine World
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Evolution of HP Turbine Blade Materials

Trent 60 - Cooled
GT61- Cooled | Single Crystal =
Single Crystal ! Thermal Barrier Coating
G62 - Cooled ’

Directionally Solidified

Avon 200 - Uncooled Improved materials and
Single Crystal cooling technology

Awon - Cooled
Equiaxed Grains M

Stator Outlet Temperature (K)

400 600 800 1000
HPC Delivery Temperature (K)

Source — Rolls-Royce Canada
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Water Injection
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Example of wet compression

Example of Power Increase (Roiis-Royce)
(General Electric)
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