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Preface Developments in gas turbine technology continue to meet the propulsion, power, fuel efficiency, and low pollutant emissions needs of the twentyfirst century. Ten years have passed since the publication of the second edition, which continues to be widely used in many parts of the world. Professor Arthur Lefebvre passed away in 2003. Last year, when the publisher approached me with a proposal for preparing the third edition, I could not refuse. After all, Professor Lefebvre was my teacher, friend, and a coresearcher for 35 years; I was involved in numerous discussions during the writing of the first and second editions; and finally, I learned a great deal from all the material presented in the book. The book has a clear purpose; it is directed primarily toward those who design, manufacture, and operate gas turbines in applications ranging from aeronautical to power generation. It serves as a graduate-level textbook, design manual, and research reference in the field of gas turbine combustion. The text is essentially self-contained and assumes only a modest prior knowledge of physics and chemistry. In preparation for the twenty-first century, the second edition was thoroughly revised and updated with numerous changes. As I examined each chapter of the second edition, I found the text as upto-date and refreshing as ever, proving that improvements in gas turbine combustion have been gradual and evolutionary. So minimum revisions were required in the areas of multifuel capabilities, flame flashback, high off-design combustion efficiency, and liner failure studies with reduced film cooling. In the quest to achieve higher fuel efficiency and decrease carbon dioxide emissions, compressor pressure ratios and turbine inlet temperatures gradually increased in the last decade. Yet gaseous and particulate emissions decreased by one third or more and are well below the emissions regulations in effect as of July 2006. Thus, Chapter 9 on emissions was updated. The most significant change has been the addition of a new Chapter 10, “Alternative Fuels” and the book’s subtitle Alternative Fuels and Emissions. Today, the ever-rising cost of petroleum fuel is prompting research into developing alternative liquid fuels based on coal, biomass, and other feedstock. Depleting global resources of petroleum fuel combined with increasing terrorist activities are leading various industrialized and developing countries to develop domestic sources of fuel for assured supply and energy security. These domestically produced alternative fuels have to be capable of using the available infrastructure of fuel refining, transportation, distribution, and consumption. The future of the alternative fuel industry in the forthcoming decade depends upon the right fuel properties and handling characteristics xvii



xviii 



Preface



for the engines and infrastructure already in place; environmental impact, which includes competition with food, water, and land; CO2 life cycle analysis and carbon footprint issues; and economics of return on investment, production, and sustainability. Accordingly, Chapter 10 presents the physical and chemical properties of conventional (petroleum-based) liquid and gaseous fuels for gas turbines. Next, properties of alternative (synthetic) fuels and conventional–alternative fuel blends are reviewed. The influence of these different fuels and their blends on combustor performance, design, and emissions is described. Reference is made to the special requirements of aircraft fuels and the problems encountered with fuels for industrial gas turbines. By not deviating from the highly successful formula of the first and second editions, I have been able to bring all the relevant material up to date through 2009. I hope that this third edition will find favorable acceptance among the gas turbine combustion, fuels, and emissions community. Finally, I would like to thank my wife Shubhangi for her help and encouragement during the preparation of this book. Dilip R. Ballal Dayton, Ohio
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1 Basic Considerations



1.1  Introduction The primary purpose of this introductory chapter is to discuss the main requirements of gas turbine combustors and to describe, in general terms, the various types and configurations of combustors employed in aircraft and industrial engines. The principal geometric and aerodynamic features that are common to most types of gas turbine combustors are briefly reviewed, with special attention being given to fuel preparation and liner-wall cooling to reflect the important role these topics continue to play in combustor development. Reference is made to most of the key issues involved in combustor design and development, but the descriptive material is necessarily brief because these and other important aspects of combustor performance are described more fully in subsequent chapters. Bearing in mind the pressures and exigencies of wartime Britain and Germany, and the lack of knowledge and experience available to the designer, it is perhaps hardly surprising that the first generation of gas turbine combustors were characterized by wide variations in size, geometry, and the mode of fuel injection. With the passage of time and the post-war lifting of information exchange, some commonalities in design philosophy began to emerge. By around 1950, most of the basic features of conventional gas turbine combustors, as we know them today, were firmly established. Since that time, combustor technology has developed gradually and continuously, rather than through dramatic change, which is why most of the aero-engine combustors now in service tend to resemble each other in size, shape, and general appearance. This close family resemblance stems from the fact that the basic geometry of a combustor is dictated largely by the need for its length and frontal area to remain within the limits set by other engine components, by the necessity for a diffuser to minimize pressure loss, and by the requirement of a liner (flame tube) to provide stable operation over a wide range of air/fuel ratios. During the past half century, combustion pressures have risen from 5 to 50 atmospheres, inlet air temperatures from 450 to 900 K, and outlet temperatures from 1100 to 1850 K. Despite the continually increasing severity of operating conditions, which are greatly exacerbated 1
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by the concomitant increases in compressor outlet velocity, today’s combustors exhibit close to 100% combustion efficiency over their normal operating range, including idling, and demonstrate substantial reductions in pollutant emissions. Furthermore, the life expectancy of aero-engine liners has risen from just a few hundred hours to many tens of thousands of hours. Although many formidable problems have been overcome, the challenge of ingenuity in design still remains. New concepts and technology are needed to further reduce pollutant emissions and to respond to the growing requirement of many industrial engines for multifuel capability. Gas turbines are “omnivorous” machines, capable of operating efficiently on a wide variety of cheap fuels, solid, liquid, and gaseous, with the exception of aircraft engines. Today, the ever-rising cost of petroleum fuel is prompting research into developing alternative liquid fuels and this is posing new combustor design challenges. Another problem of increasing importance is that of acoustic resonance, which occurs when combustion instabilities become coupled with the acoustics of the combustor. This problem could be crucial to the future development of lean premixed combustors. It is clearly important that combustor developments should keep pace with improvements in other key engine components. Thus, reduction of combustor size and weight will remain an important requirement for aero engines, whereas the continuing trend toward higher turbine inlet temperatures will call for a closer adherence to the design temperature profile at the turbine inlet. Simultaneously, the demand for greater reliability, increased durability, and lower manufacturing, development, and maintenance costs seems likely to assume added importance in the future. To meet these challenges, the search goes on for new materials and new methods of fabrication to simplify basic combustor design and reduce cost. The search has already led to the development of advanced wall-cooling techniques and the widespread use of thermal barrier refractory coatings within the combustion liner.



1.2  Early Combustor Developments The material contained in this book is largely a chronicle of developments in gas turbine combustion during the last half century. For both British and German engineers, the development of a workable combustor was an obstacle that had to be overcome in their independent and concurrent efforts to achieve a practical turbojet engine. It proved to be a formidable task for both groups and, in Whittle’s case, combustion problems dominated the first three years of engine development. The following abridged account of the early history of gas turbine combustion in Britain, Germany, and the United States is intended to cover the period from the start of World War II until around 1950, by which time it was generally accepted that the piston engine



3



Basic Considerations 



had reached its limit as a propulsion system for high-speed flight and the gas turbine was firmly established as the powerplant of choice for aircraft applications. 1.2.1  Britain One method of preparing a liquid fuel for combustion is to heat it above the boiling point of its heaviest hydrocarbon ingredient, so that it is entirely converted into vapor before combustion. This was the method adopted by Whittle for his first turbojet engine. This engine employed 10 separate tubular combustors in a reverse-flow arrangement to permit a short engine shaft. Whittle tried several vaporizer tube configurations, more than 30 in all, one of which is illustrated in Figure 1.1. This figure shows that fuel was heated in tubes located in the flame zone. The fuel was maintained at high pressure so that vaporization could not occur until it had been injected through a nozzle and its pressure reduced to that of the combustion zone. Whittle experienced considerable difficulties with this system, due mainly to problems of thermal cracking and coking up of the vaporizer tubes, as well as difficulties in controlling the fuel flow rate. After many trials and setbacks, Whittle adopted a combustor whose main attraction was the replacement of vaporizer tubes by a pressure-swirl atomizer having a wide spray cone angle. Another interesting feature of the new combustor was that most of the primary-zone airflow entered the combustion zone through a large air swirler located at the upstream end of the liner around the fuel nozzle, as shown in Figure 1.2. This swirler served to create a toroidal flow reversal that entrained and recirculated a portion of the hot combustion products to mix with the incoming air and fuel. This arrangement not only anchored the flame, but also provided the rapid mixing of fuel vapor, air, and combustion products needed to achieve high heat-release rates. The additional air required to complete combustion and reduce the gas temperature to a value acceptable to the turbine was supplied through stub Vaporizing tubes



Air entry



Pilot starting jet



Efflux gases Figure 1.1 Early Whittle vaporizer combustor.
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Stub pipes Air inlet



Swirl vanes Atomizer



Efflux gases Figure 1.2 Early Whittle atomizer combustor.



pipes that projected radially inward and through holes pierced in the liner walls. After suitable development, this combustor was adopted for the Power Jets W1 engine, which made the first British turbojet-powered flight on the evening of May 15, 1941. Another early British engine was the De Havilland Goblin, which was the first engine to power the Lockheed P-40. (It was later replaced by General Electric’s I-40 engine, which provided 33% more thrust.) The Goblin is of historical interest because it was the first British engine to use “straight-through” combustors, as opposed to the “reverse-flow” type employed on all previous engines. The first British annular combustor appeared on the Metropolitan Vickers Beryl engine. A noteworthy feature of this combustor was the use of upstream fuel injection. This system was also used in other engines, the earliest example being the German Jumo 004. The main advantage claimed for upstream fuel injection was a longer residence time of the fuel droplets in the combustion zone, which provided more time for fuel evaporation. Its main drawback stemmed from the immersion of key components in the flame. Cooling arrangements for the atomizer feed arm could be provided, but it was difficult to eliminate entirely the problem of carbon deposition on the atomizer face. For this reason, upstream fuel injection is no longer regarded as a practical option. Another interesting feature of the Metrovick combustor is the manner in which dilution air was introduced into the combustion gases downstream of the primary combustion zone. This corresponds closely to the method employed in the Jumo 004. Figure 1.3 shows two rows of narrow scoops that interleave cold airstreams between co-flowing streams of hot combustion products. The first row of scoops provided air for the completion of combustion, with any excess serving as dilution air. The air flowing through the second row of scoops was solely for dilution purposes. This type of “sandwich” mixer has useful advantages in terms of low pressure loss and low pattern factor. However, it carries a high weight penalty, which is clearly a serious drawback for aircraft engines, and the scoops are also prone to burnout
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Figure 1.3 Metrovick annular combustor. Stub pipes Swirl vanes Efflux gases Air inlet



Upstream fuel injection Figure 1.4 Jumo 004 tubular combustor.



because of their exposure to the high-velocity combustion gases. Sandwich mixers are no longer used, except in a highly abbreviated form where their main function is to strengthen the liner and raise the flow discharge coefficient (typically to around 0.8, as opposed to around 0.6 for a plain hole). 1.2.2 Germany 1.2.2.1  Jumo 004 This engine is of great historical interest because it was the world’s first massproduced turbojet and one that saw extensive service in World War II. It was among the first engines to employ axial flow turbomachinery and straightthrough combustors. Each of the six tubular combustors was supplied with fuel at pressures up to 5.2 MPa (750 psi) from a pressure-swirl atomizer, which sprayed the fuel upstream into the primary combustion zone. Figure 1.4 shows schematically the basic combustor design. The primary air flowed into the liner through six swirl vanes, the amount of air being sufficient to achieve near-stoichiometric combustion at the engine design point. Mixing between combustion products and dilution air was achieved using an assembly of stub pipes that were welded to a ring at their upstream end and to the outer perimeter of a 10-cm diameter dished baffle at their downstream end. The hot
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Figure 1.5 BMW 003 annular combustor.



combustion products flowed radially outward through the gaps between the stub pipes to meet and mix with part of the cold secondary air. The remaining secondary air flowed through the stub pipes, incidentally serving to protect them from burnout because of their immersion in the hot combustion gases, to provide further mixing of hot and cold gases in the recirculation zone created by the presence of the baffle. 1.2.2.2  BMW 003 The only other German turbojet engine to be developed to the production stage during World War II was the BMW 003. This engine employed an annular combustor fitted with 16 equispaced, downstream-spraying, pressure atomizers. Each fuel nozzle was surrounded by a baffle and the primary combustion air flowed both through and around it. The method used to inject the dilution air was a sandwich mixer arrangement, which interleaved streams of cold secondary air between parallel streams of hot combustion products. Dilution air flowed through 40 scoops attached to the outer liner, alternating in circumferential locations with 40 similar scoops attached to the inner liner. The end result, as shown in Figure 1.5, was a combustor having a relatively low pressure loss, but also a fairly high length/height ratio. 1.2.3  The United States During the development of the W1 engine, the decision was made to build a larger Whittle engine of 1600 lb thrust to be designated as the W2B. In 1941, a W2B engine, complete with drawings, was delivered to the General Electric Company (GE); within six months this company had built two more engines with the same design. In 1947, Pratt and Whitney (P&W), having been fully preoccupied with piston engine production throughout the war, made its first entry into the turbojet arena by licensing the Nene engine from Rolls Royce. Having established a foothold in the turbojet engine business, GE and P&W lost no time in producing their own independent combustor designs. For example, GE’s Whittle-derived J31 engine employed a reverse-flow
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Figure 1.7 Pratt & Whitney J57 tuboannular combustor.



combustor, but a straight-through version (see Figure 1.6) was adopted for the J33 and for subsequent engines such as the J35 and J47. For its J57 engine, shown in Figure 1.7, P&W employed eight tubular liners located within an annular casing. Each liner had a perforated tube along its central axis that extended about halfway down the liner. In effect, this central tube converted the tubular liner into a small annular combustor, supplied with fuel from six equispaced, pressure-swirl nozzles. By 1943, Westinghouse had developed successful axial-flow turbojet engines without any European input. An annular combustor was selected for its J30 engine, whereas a dual-annular configuration was adopted for the J34. This dual-annular concept was ahead of its time, and interest in it lapsed until it was resurrected by GE in the 1970s to serve as a low-emissions combustor for their CFM56-B engine. By the end of the 1940s, the development work carried out in the UK, Germany, and the United States had established the basic design features of aero-engine combustors that have remained largely unchanged. The main components are a diffuser for reducing the compressor outlet air velocity to avoid high-pressure losses in combustion, a liner (or flame tube) that is arranged to be concentric within the outer combustor casing, means for supplying the combustion zone with atomized or vaporized fuel and, with tubular liners, interconnectors (or cross-fire tubes) through which hot gases can flow from a lighted liner to an adjacent unlighted liner. Within the liner itself, the distribution of air is arranged to ensure that the primary combustion zone operates at a much higher fuel/air ratio than the overall
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combustor fuel/air ratio. More air is admitted downstream of the primary zone to complete the combustion process and to dilute the combustion products to a temperature acceptable to the turbine.



1.3  Basic Design Features It is of interest to examine briefly the considerations that dictate the basic geometry of the “conventional” gas turbine combustor. It is also instructive because it helps to define the essential components needed to carry out the primary functions of a combustion chamber. Figure 1.8a shows the simplest possible form of combustor—a straightwalled duct connecting the compressor to the turbine. Unfortunately, this simple arrangement is impractical because the pressure loss incurred would be excessive. The fundamental pressure loss because of combustion is proportional to the square of the air velocity and, for compressor outlet velocities of the order of 170 m/s, this loss could amount to almost one-third of the pressure rise achieved in the compressor. To reduce this pressure loss to an acceptable level, a diffuser is used to lower the air velocity by a factor of about 5, as shown in Figure 1.8b. Having fitted a diffuser, a flow reversal must then be created to provide a low-velocity region in which to anchor the flame. Figure 1.8c shows how this may be accomplished with a plain baffle. The only remaining defect in this arrangement is that to produce the desired temperature rise, the overall chamber air/fuel ratio must normally be around 30–40, which is well outside the limits of flammability for hydrocarbon–air mixtures. Ideally, the air/fuel ratio in the primary combustion zone should (a)



Fuel



Air



(c)



Air



(b)



Fuel



Air



Fuel



(d)



Air



Figure 1.8 Derivation of conventional combustor configuration.
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be around 18, although higher values (around 24) are sometimes preferred if low emissions of nitric oxides (NOX) is a prime consideration. To deal with this problem, combustion is sustained by a recirculatory flow of burned products that provide a continuous source of ignition for the incoming fuel– air mixture. The air not required for combustion is admitted downstream of the combustion zone to mix with the hot burned products, thereby reducing their temperature to a value that is acceptable to the turbine. Figure 1.8 thus illustrates the logical development of the conventional gas turbine combustion chamber in its most widely used form. As would be expected, there are many variations on the basic pattern, shown in Figure 1.8d, but, in general, all chambers incorporate an air casing, diffuser, liner, and fuel injector as key components. The choice of a particular type and layout of combustion chamber is determined largely by engine specifications, but it is also strongly influenced by the desirability of using the available space as effectively as possible. On large aircraft engines, the chamber is almost invariably of the straight-through type, in which the air flows in a direction essentially parallel to the axis of the chamber. For smaller engines, the reverse-flow annular combustor provides a more compact unit and allows close coupling between the compressor and turbine. In most combustors, the fuel is injected into the burning zone in the form of a well-atomized spray, obtained either by forcing it through a fine orifice under pressure, or by utilizing the pressure differential across the liner wall to create a stream of high-velocity air that shatters the fuel into fine droplets before transporting it into the primary combustion zone.



1.4  Combustor Requirements A gas turbine combustor must satisfy a wide range of requirements whose relative importance varies among engine types. However, the basic requirements of all combustors may be listed as follows: 







1. High-combustion efficiency (i.e., the fuel should be completely burned so that all its chemical energy is liberated as heat) 2. Reliable and smooth ignition, both on the ground (especially at very low ambient temperatures) and, in the case of aircraft engines, after a flameout at high altitude 3. Wide stability limits (i.e., the flame should stay alight over wide ranges of pressure and air/fuel ratio) 4. Low pressure loss 5. An outlet temperature distribution (pattern factor) that is tailored to maximize the lives of the turbine blades and nozzle guide vanes
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6. Low emissions of smoke and gaseous pollutant species 7. Freedom from pressure pulsations and other manifestations of combustion-induced instability 8. Size and shape compatible with engine envelope 9. Design for minimum cost and ease of manufacturing 10. Maintainability 11. Durability 12. Petroleum, synthetic, and biomass-based multifuel capability.



For aircraft engines, size and weight are important considerations, whereas for industrial engines more emphasis is placed on other items, such as long operating life and multifuel capability. For all types of engines, the requirements of low fuel consumption and low pollutant emissions are paramount.



1.5  Combustor Types
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Figure 1.9 Illustration of three main combustor types.
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The choice of a particular combustor type and layout is determined largely by the overall engine design and by the need to use the available space as effectively as possible. There are two basic types of combustor, tubular and annular. A compromise between these two extremes is the “tuboannular” or “can-annular” combustor, in which a number of equispaced tubular liners are placed within an annular air casing. The three different combustor types are illustrated in Figure 1.9.
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1.5.1  Tubular A tubular (or “can”) combustor is comprised of a cylindrical liner mounted concentrically inside a cylindrical casing. Most of the early jet engines, such as the Whittle W2B, Jumo 004, and the RR Nene, Dart, and Derwent, featured tubular combustors, usually in numbers varying from 6 to 16 per engine. The main advantage of tubular systems is that relatively little time and money is incurred in their development. However, their excessive length and weight prohibit their use in aircraft engines, and their main application is to industrial units where accessibility and ease of maintenance are prime considerations. A multi-can combustor layout is shown in Figure 1.10. 1.5.2  Tuboannular As engine pressure ratios started to climb in the late 1940s, the tuboannular or can-annular combustor began to find increasing favor on both sides of the Atlantic. With this design, a group of tubular liners, usually from 6 to 10, is arranged inside a single annular casing, as illustrated in Figure 1.11. This concept attempts to combine the compactness of the annular chamber with the mechanical strength of the tubular chamber. A drawback to the tuboannular combustor, which it shares with tubular configurations, is the need for interconnectors (cross-fire tubes). Engines fitted with tuboannular combustors include the Allison 501-K, the GE J73 and J79, the P&W J57 and J75, and the RR Avon, Conway, Olympus, Tyne, and Spey. Compared with the annular design, the tuboannular chamber has an important advantage in that much useful chamber development can be carried out with very modest air supplies, using just a small segment of the



Figure 1.10 Multi-can combustor arrangement. (From Odgers, J. and Kretschmer, D., Northern Research and Engineering Corporation Report No. 1344-1, 1980.)
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Figure 1.11 Tuboannular combustor arrangement. (Courtesy of Rolls Royce plc.)



total chamber containing one or more liners. Its drawbacks emerge when trying to achieve a satisfactory and consistent airflow pattern; in particular, the design of the diffuser can present serious difficulties. 1.5.3  Annular In this type, an annular liner is mounted concentrically inside an annular casing. In many ways it is an ideal form of chamber, because its clean aerodynamic layout results in a compact unit of lower pressure loss than other combustor types. Its main drawback stems from the heavy buckling load on the outer liner. Thus, in the early days of turbojet development, the use of annular liners was confined to engines of low pressure ratio, such as the BMW 003, the Metrovick Beryl, and the Westinghouse J30. Another drawback is the very high cost of supplying air at the levels of pressure, temperature, and flow rate required to test large annular combustion chambers at full-load conditions. Figures 1.12 and 1.13 show two configurations that are representative of the annular combustors in service today, namely, the General Electric CF6-50 and the Rolls Royce RB211. An interesting feature of the RB211 combustor is the absence of air swirlers. Instead, flow recirculation is achieved by the combined action of secondary air jets and air flowing over the backplate along the liner wall. In later versions of this combustor, an appreciable amount of swirling air enters the primary zone through modified airblast atomizers. By the 1960s, the annular layout was firmly established as the automatic choice for all new aircraft engines. From this period and throughout the 1980s, the most important annular combustors were those fitted to the GE CF6, P&W JT9D, and RR RB211 engines. These engines were all highly successful, both technically and commercially. Improvements in wide-body aircraft, along with continuing market pressures to reduce cost, called for engines in the
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Figure 1.13 RB211 annular combustor. (Courtesy of Rolls Royce plc.)



80,000–100,000 lb thrust class with growth potential up to around 115,000 1b. To meet this demand, Rolls Royce developed the Trent engine, which is a direct descendant of the RB211 series. The GE90 and the P&W4084 both achieve similar performance and thrust levels. All three engines are fitted with annular combustors, which embody the latest advances in fuel injection and wall-cooling techniques.
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1.6  Diffuser Among the combustor design requirements is the need to minimize the pressure drop across the combustor, ΔP3–4. Part of this pressure drop is incurred in simply pushing the air through the combustor, ΔPcold, and the remainder is the fundamental loss arising from the addition of heat to a high-velocity stream, ΔPhot. We have 



ΔP3–4 = ΔPcold + ΔPhot. 



(1.1)



The cold loss represents the sum of the losses arising in the diffuser and the liner. From the viewpoint of overall engine performance, the distinction between diffuser pressure loss and liner pressure loss is immaterial. However, from a combustion standpoint, it is important because pressure loss in the diffuser is entirely wasted, whereas the pressure drop across the liner wall is manifested as turbulence, which is highly beneficial to both combustion and mixing. Thus, an ideal combustor would be one in which the liner pressure differential represented the entire cold loss, with zero pressure loss in the diffuser. Typical values of cold pressure loss in modern combustors range from 2.5 to 5% of the combustor inlet pressure. The fundamental pressure loss that occurs whenever heat is added to a flowing gas is given by the following expression in which T3 is the inlet temperature and T4 is the outlet temperature. 



ΔPhot = 0.5ρU2 [T4/T3 − 1]. 



(1.2)



To reduce the compressor outlet velocity to a value at which the combustor pressure loss is tolerable, it is customary to use a diffuser. The function of the diffuser is not only to reduce the velocity of the combustor inlet air, but also to recover as much of the dynamic pressure as possible, and to present the liner with a smooth and stable flow. Until quite recently, there were two different philosophies in regard to diffuser design; both are illustrated in Figure 1.14. One is to employ a relatively long aerodynamic diffuser to achieve maximum recovery of dynamic pressure. The first section of the diffuser is located at or near the compressor outlet. Its purpose is to achieve some reduction in velocity, typically about 35%, before the air reaches the snout, at which point it divides and flows into three separate diffusing passages. Two of these passages convey air to the inner and outer liner annuli in roughly equal proportions. The central diffuser passage discharges the remaining air into the dome region, which provides air for atomization and dome cooling. The other main diffuser type is the so-called “dump” or “step” diffuser. It consists of a short conventional diffuser in which the air velocity is reduced
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Figure 1.14 Two basic types of annular diffusers: (a) aerodynamic, (b) dump.



to almost half its inlet value. At exit, the air is then “dumped” and left to divide itself between air for the inner and outer annuli and dome air. Both faired and dump diffusers have been widely used in aero-engine combustors. Dump diffusers are now generally preferred [2] because of their higher tolerance to variations in inlet velocity profile and hardware dimensions. Thus, whereas most Rolls Royce annular combustors have faired diffusers, the latest annular design for the Trent engine features a dump diffuser.



1.7  Primary Zone The main function of the primary zone is to anchor the flame and provide sufficient time, temperature, and turbulence to achieve essentially complete combustion of the incoming fuel–air mixture. The importance of the primary-zone airflow pattern to the attainment of these goals cannot be overstated. Many different types of flow patterns are employed, but one feature that is common to all is the creation of a toroidal flow reversal that entrains and recirculates a portion of the hot combustion gases to provide continuous ignition to the incoming air and fuel. Some early combustors used air swirlers to create the toroidal flow pattern, whereas others had no swirler and relied solely on air injected through holes drilled in the liner wall at the upstream end of the liner (see, for example, Figures 1.2 and 1.6). Both methods are capable of generating flow recirculation in the primary zone.
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Figure 1.15 Lucas primary-zone airflow pattern.



An important contribution to primary-zone aerodynamics was made by the Lucas combustion group in their combustor designs for the Whittle W2B and Welland engines. The basic airflow patterns embodied in the Lucas concept are sketched in Figure 1.15. Note that both swirling air and primary air jets are used to produce the desired flow reversal. As already noted, each mode of air injection is capable of achieving flow recirculation in its own right, but if both are used, and if a proper choice is made of swirl vane angle and the size, number, and axial location of the primary air holes, then the two separate flow recirculations created by the two separate modes of air injection will merge and blend in such a manner that each one complements and strengthens the other. The result is a strong and stable primary-zone airflow pattern that can provide wide stability limits, good ignition performance, and freedom from the type of flow instabilities that often give rise to combustion pulsations and noise. The Lucas company had a strong influence on British combustor design, and the basic aerodynamic features shown in Figure 1.15 can be found in the combustors designed for many British engines, including the Rolls Royce Nene, Derwent, Dart, Proteus, Avon, Conway, and Tyne.



1.8  Intermediate Zone If the primary-zone temperature is higher than around 2000 K, dissociation reactions will result in the appearance of significant concentrations of carbon monoxide (CO) and hydrogen (H2) in the efflux gases. Should these gases pass directly to the dilution zone and be rapidly cooled by the addition of massive amounts of air, the gas composition would be “frozen,” and CO, which is both a pollutant and a source of combustion inefficiency, would be discharged from the combustor unburned. Dropping the temperature to an intermediate level by the addition of small amounts of air encourages the
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burnout of soot and allows the combustion of CO and any other unburned hydrocarbons (UHC) to proceed to completion. In early combustor designs, an intermediate zone was provided as a matter of course. As pressure ratios increased, and more air was required for combustion and liner-wall cooling, the amount of air available for the intermediate zone went down accordingly. By around 1970, the traditional form of intermediate zone had largely disappeared. However, the desirability of an intermediate zone remains; therefore, should the developments now being made in wall-cooling techniques allow some air to become available, consideration might be given to its possible reinstatement.



1.9  Dilution Zone The role of the dilution zone is to admit the air remaining after the combustion and wall-cooling requirements have been met, and to provide an outlet stream with a temperature distribution that is acceptable to the turbine. This temperature distribution is usually described in terms of “pattern factor” or “temperature traverse quality.” The amount of air available for dilution is usually between 20 and 40% of the total combustor airflow. It is introduced into the hot gas stream through one or more rows of holes in the liner walls. The size and shape of these holes are selected to optimize the penetration of the air jets and their subsequent mixing with the main stream. In theory, any given traverse quality can be achieved either by the use of a long dilution zone or by tolerating a high liner pressure-loss factor. In practice, however, it is found that mixedness initially improves greatly with an increase in mixing length and thereafter at a progressively slower rate. This is why the length/diameter ratios of dilution zones all tend to lie in a narrow range between 1.5 and 1.8. For the very high turbine entry temperature (around 2000 K) associated with modern high-performance engines, an ideal pattern factor would be one that gives minimum temperature at the turbine blade root, where stresses are highest, and also at the turbine blade tip, to protect seal materials. Attainment of the desired temperature profile is paramount, owing to its major impact on the maximum allowable mean turbine entry temperature and hot-section durability. Due to the importance and severity of the problem, a large proportion of the total combustor development effort is devoted to achieving the desired pattern factor. The locations of the three main zones described above, in relation to the various combustor components and the air admission holes, are shown in Figure 1.16. Note also in this figure the “snout,” which is formed by cowls that project upstream from the dome. The region inside the snout acts as
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a plenum chamber, providing a high uniform static pressure for feeding the air swirler, which is attached to the dome, the airblast atomizer, and the dome cooling airflows.



1.10  Fuel Preparation The processes of liquid atomization and evaporation are of fundamental importance to the performance of a gas turbine combustion system. Normal liquid fuels are not sufficiently volatile to produce vapor in the amounts required for ignition and combustion unless they are atomized into a large number of droplets with a corresponding vastly increased surface area. The smaller the droplet size, the faster the rate of evaporation. The influence of drop size on ignition performance is of special importance, because large increases in ignition energy are needed to compensate for even a slight increase in mean drop size. Spray quality also affects stability limits, combustion efficiency, and pollutant emission levels. 1.10.1  Pressure-Swirl Atomizers A common method of achieving atomization is by forcing the fuel under pressure through a specially designed orifice. Since the need to minimize combustor length, a spray cone angle of around 110° is customary. With the simplex atomizer, shown in Figure 1.17a, this is achieved by fitting a swirl chamber upstream of the discharge orifice. A major design problem is to achieve good atomization over a fuel flow range of around 40:1. If the atomizer discharge orifice is made small enough to ensure good atomization at
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Figure 1.17 Trends in atomizer design: (a) simplex, (b) dual-orifice, (c) airblast, (d) premix-prevaporize.



low fuel flow rates, then the pressure required at high flows becomes excessive. On the other hand, if the orifice is made large, the fuel will not atomize satisfactorily at the low flow rates and low pressures associated with operation at high altitudes. A solution to this problem is provided by the dual-orifice atomizer, which incorporates two swirl chambers, one of which (the pilot) is located concentrically within the other (the main), as shown in Figure 1.17b. The orifices that feed fuel into the pilot swirl chamber are small in size, whereas the corresponding orifices for the main swirl chamber are much larger. At low fuel flows, all the fuel is supplied by the pilot and atomization quality is good because the delivery pressure, although not high, is adequate. As fuel flow is increased by increasing the fuel pressure, when a predetermined pressure is reached, a valve opens and fuel is also passed to the main atomizer. This arrangement allows satisfactory atomization to be achieved over a wide range of fuel flows without calling for excessive fuel pressures. The principal advantages of pressure-swirl atomizers are good mechanical reliability and an ability to sustain combustion at very weak mixture strengths. Their drawbacks include potential plugging of the small passages and orifices by contaminants in the fuel and an innate tendency toward high soot formation at high-combustion pressures. 1.10.2  Airblast Atomizer This atomizer employs a simple concept whereby fuel at low pressure is arranged to flow over a lip located in a high-velocity airstream. As the fuel flows over the lip it is atomized by the air, which then enters the combustion zone carrying the fuel droplets along with it. Minimum drop sizes are obtained by using designs that provide maximum physical contact between
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the air and the liquid. In particular, it is important to ensure that the liquid sheet formed at the atomizing lip is subjected to high-velocity air on both sides, as illustrated in Figure 1.17c. This not only gives optimum atomization, but also prevents fuel from depositing on solid surfaces. The airblast atomizer has some very significant advantages in its application to gas turbine combustors. For example, the fuel distribution is dictated mainly by the airflow pattern, and hence the outlet temperature traverse is fairly insensitive to changes in fuel flow. Combustion is characterized by the absence of soot formation, resulting in relatively cool liner walls and a minimum of exhaust smoke. As another advantage, the component parts are protected from overheating by the air (at compressor outlet temperature) flowing over them. The major practical disadvantages are rather narrow stability limits and poor atomization quality at startup, owing to the low air velocity through the atomizer. Both these problems can be solved (albeit at the expense of a more complicated fuel system) by combining the airblast atomizer with a pilot pressure-swirl atomizer. By this means, the merits of the pressure-swirl atomizer at low fuel flows, namely, easy lightup and wide stability limits, are combined with all the virtues of airblast atomization (notably a soot-free exhaust) at high-fuel flow rates. 1.10.3 Gas Injection Gaseous fuels, especially those of high-calorific value such as natural gas, present few problems from a combustion viewpoint. With low-heat-content (low Btu) gases, however, the fuel flow rate may comprise about one-fifth of the total combustor mass flow; this can lead to a mismatch between the compressor and the turbine, especially if the engine is intended for a multifuel application. Another problem with low Btu gases is their low burning rate, which may necessitate a larger combustion-zone volume, over and above the extra volume needed to accommodate the large volumetric flow of gaseous fuel. Achieving the required mixing rate in the combustion zone can also prove difficult. A mixing rate that is too high results in poor lean-blowout characteristics, whereas a mixing rate that is too low could give rise to rough combustion. The methods used to inject gaseous fuels include plain orifices and slots, swirlers, and venturi nozzles.



1.11  Wall Cooling The functions of the liner are to contain the combustion process and to facilitate the distribution of air to all the various combustor zones in the prescribed amounts. The liner must be structurally strong to withstand the
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buckling load created by the pressure differential across the liner wall. It must also have sufficient thermal resistance to withstand continuous and cyclic high-temperature operation. This is accomplished through the use of high-temperature, oxidant-resistant materials combined with the effective use of cooling air. On many combustors now in service, up to 20% of the total combustor air-mass flow is employed in liner-wall cooling. In practice, the liner-wall temperature is determined by the balance between (1) the heat it receives via radiation and convection from the hot gas, and (2) the heat transferred from it by convection to the annulus air and by radiation to the air casing. The problem of liner-wall cooling has become increasingly severe as engine pressure ratios have increased (see Figure 1.18), but this is not due primarily to the higher pressure. In fact, an increase in pressure ratio is actually beneficial in reducing the specific surface area to be cooled. The difficulties arise from the increase in inlet air temperature that accompanies the higher pressure ratio. Higher inlet air temperature has a twofold adverse effect: (1) it raises the flame temperature, which, in turn, increases the rate of heat transfer to the liner wall, and (2) it reduces the effectiveness of the air as a coolant. As pressure ratios have increased over the years, turbine inlet temperatures have also had to rise accordingly (see Figure 1.19) in order to maximize fuel economy. This, too, has had a marked adverse effect on liner metal temperatures, especially at the rear end of the combustor. Further increases in the amount of air used in wall cooling (above the already high-current values) are not technically acceptable, because more air inserted along the liner 60
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Figure 1.18 Historical trend of engine pressure ratio.
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Figure 1.19 Historical trend of turbine entry temperature.



walls means that less is available for combustion and dilution. Moreover, it would worsen the radial temperature profile at the combustor outlet, thereby reducing the life of the turbine blades. Thus, the only practical alternative is to make more efficient use of the available cooling air or, better still, reduce the amount of air used in wall cooling. 1.11.1  Wall-Cooling Techniques Many early gas turbine combustors used a louver cooling technique whereby the liner was fabricated in the form of cylindrical shells that, when assembled, provided a series of annular passages at the shell intersection points. These passages permitted a film of cooling air to be injected along the hot side of the liner wall to provide a protective thermal barrier. The annular gap heights were maintained by simple “wigglestrip” louvers. Air metering was a major problem with this technique and splash-cooling devices were much better in this regard. With this system, the cooling air entered the liner through a row of small-diameter holes, and the air jets impinged on a cooling skirt, which deflected the air along the inside of the liner wall. Wigglestrip and splash-cooling configurations were both in general use up to the time when annular combustors were introduced. Since then, the “machined-ring” or “rolled-ring” approach, which features accurately machined holes instead of louvers and combines accurate airflow metering with good mechanical strength, has been widely adopted in one form or another. Modern cooling techniques include angled effusion cooling (AEC) whereby multiple patterns of small holes are drilled through the liner wall at a shallow angle to its surface. With this scheme, the cooling air flows through the liner wall, first removing heat from the wall itself, and then providing a thermal barrier between the wall and the hot combustion gases. AEC is perhaps the most promising contender among the various advanced combustor cooling
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techniques that are being actively developed for the new generation of industrial and aeronautical gas turbines. It is used extensively on the GE90 combustor, where it has reduced the normal cooling air requirement by 30%. The main drawback of AEC is an increase in liner weight of around 20%, which stems from the need for a thicker wall to achieve the required hole length and to provide buckling strength. (More detailed information on wall-cooling devices is contained in Chapter 8.) With large industrial engines, where size and weight are of minor importance, it is practicable to line the combustor with refractory bricks to reduce the heat flux to the liner wall. Refractory bricks are clearly too heavy and cumbersome for application to aero- and most industrial engines. However, metallic tiles and thick thermal barrier coating offer an attractive solution. The V2500 engine is now in service with a tiled combustor and P&W is also using tiles on its radially staged combustor for the PW4000. Using tiles effectively decouples the mechanical stresses, which are taken by the liner, from the thermal stresses, which are taken by the tiles. This method of construction has the advantage of tiles that can be cast from blade alloy materials having a much higher temperature capability (>100 K) than typical combustor alloys. Also, because the liner remains at a uniform low temperature, it can be made from relatively cheap alloys. The main drawback of tiled combustors is a substantial increase in weight. An alternative to increasing the efficiency of cooling techniques is to spray a protective coating on the inner liner wall, and thermal barrier coatings are now used routinely to reduce liner-wall temperatures by up to 150 K. As it has for the past 60 years, the search continues for new liner materials that will allow operation at higher temperatures. Current production liners are typically fabricated from nickel- or cobalt-based alloys, such as Nimonic 263 or Hastelloy X. Candidates for liner and turbine blade materials now under investigation include carbon and carbon composites, ceramics, MX 4 (with TBC2), CMSX-4 and alloys of high-temperature materials, such as columbium. Techniques for the utilization of these materials are in varying stages of development; none is sufficiently advanced for routine application to production combustors.



1.12  Combustors for Low Emissions A basic problem in combustor design is that of achieving easy ignition, wide burning range, high-combustion efficiency, and minimum pollutant emissions in a single, fixed combustion zone supplied with fuel from a single injection point. As some of these requirements conflict, the end result is inevitably a compromise of some kind. A good example of conflict in design is provided by the continuing requirement to reduce pollutant emissions. With conventional combustors, any modification that alleviates smoke and
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NOX will almost invariably increase the emissions of CO and UHC, and  ice-versa. v One solution to this problem is to use some form of variable geometry to regulate the amount of air entering the primary combustion zone. At high pressures, large quantities of air are employed to minimize soot and NOX formation. At low pressures, the primary airflow is partially blanked off, thereby raising the fuel/air ratio and reducing the velocity to give highcombustion efficiency (and, therefore, low emissions of CO and unburned UHC), as well as good lightup characteristics. Variable geometry has been used on a few large industrial engines, but the requirement for complex control and feedback mechanisms, which tend to increase cost and weight and reduce reliability, have so far ruled it out for small engines and, of course, for aeronautical applications. Another alternative to attempting to achieve all the performance objectives in a single zone is to employ what is known as “staged” combustion. This may take the form of “axial” or “radial” staging, but in either case it uses two separate zones, each designed specifically to optimize certain aspects of combustion performance. The principle of axial staging is illustrated in Figure 1.20. It features a lightly loaded primary zone (Zone 1), operating at a fairly high equivalence ratio ϕ of around 0.8 (note that ϕ is the actual fuel/air ratio divided by the stoichiometric fuel/air ratio) to achieve high-combustion efficiency and to minimize the production of CO and UHC. Zone 1 provides all the temperature rise needed at low power conditions up to around idle speeds. At higher power levels, it acts as a pilot source of heat for the main combustion zone downstream (Zone 2), which is supplied with a premixed fuel–air mixture. When operating at full-load, the equivalence ratio Fuel 2
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in both zones is kept low, at around 0.6, to minimize the emissions of NOX and smoke. Staged combustion is now widely used in industrial engines burning gaseous fuels, in both axial and radial configurations, to achieve low pollutant emissions without the need to resort to water or steam injection. For liquid fuels, the lean premix prevaporize (LPP) combustor appears to have the most promise for ultralow NOX combustion. The concept is shown schematically in Figure 1.17d. The design objective is to attain complete evaporation of the fuel and thorough mixing of fuel and air before combustion. By avoiding droplet burning, and by operating the reaction zone at a lean fuel/air ratio, NOX emissions are drastically reduced because of the low flame temperature and the elimination of “hot spots” from the combustion zone. The main drawback of the LPP system is that the long time needed to fully vaporize and mix the fuel at low power conditions may result in the occurrence of autoignition or flashback in the fuel preparation duct at the high pressures and inlet temperatures associated with operation at maximum power. These problems may be overcome, at the expense of additional cost and complexity, through the use of staged combustion and/or variable geometry. Other concerns with LPP systems are those of durability, maintainability, and safety. Another important contender in the ultralow NOX emissions field is the rich-burn/quick-quench/lean-burn (RQL) combustor. This concept employs a fuel-rich primary zone in which NOX formation rates are low because of the combined effects of low temperature and oxygen depletion. Downstream of the primary zone, the additional air required to complete the combustion process and reduce the gas temperature to the desired predilution zone level is injected in a manner that is designed to ensure uniform and rapid mixing with the primary-zone efflux. This mixing process must take place quickly, otherwise pockets of hot gas would survive long enough to produce appreciable amounts of NOX. Thus, the design of a rapid and effective quick-quench mixing section is of decisive importance to the success of the RQL concept. The device that appears to have the greatest potential of all for NOX reduction, is the catalytic combustor. In this system, the fuel is first prevaporized and premixed with air at a very low equivalence ratio and the resulting homogeneous mixture is then passed through a catalytic reactor bed. The presence of the catalyst allows combustion to occur at very low fuel/air ratios that normally lie outside the lean flammability limit. In consequence, the reaction temperature is extremely low and NOX formation is minimal. In most current designs, a thermal reaction zone is located downstream of the catalytic bed. Its function is to raise the gas temperature to the required turbine entry value and to reduce the concentrations of CO and UHC to acceptable levels. The potential of catalytic reactors for very low pollutant emissions has been recognized for the past 25 years, but the harsh environment in a gas
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turbine combustor and its wide range of operating conditions constitute a formidable barrier to the development of viable catalytic combustors for gas turbines. The long-term durability of catalyst materials is a major concern. Considerable progress on catalyst development continues to be made (see Chapter 9), but its application to aero engines is unlikely to happen until a large body of experience on stationary engines has been accumulated. When it does materialize, it will probably be in the form of a “radially staged,” dual-annular combustor, as illustrated in Figure 1.21. The outer combustor is designed specifically for easy lightup and low emissions at engine idle conditions. At higher power settings, fuel is supplied premixed with air to the inner combustor containing the catalytic reactor. At maximum power conditions, this reactor provides most of the temperature rise needed to sustain the engine.



1.13  Combustors for Small Engines On small engines, high shaft speeds necessitate close coupling of the compressor and turbine to alleviate shaft whirling problems. This requirement, especially when combined with the need for a low frontal area, has led to the almost universal use of annular reverse-flow or annular radial-axial combustors. A notable exception is the Allison T63 engine, which has a single tubular combustor mounted on the end of the engine to facilitate inspection and servicing. An annular reverse-flow combustor is shown schematically in Figure 1.22. The main advantages of this layout, in addition to a very short shaft length, are efficient utilization of the available combustion volume and easy accessibility of the fuel injectors. Its main drawback is the high surface-to-volume
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Figure 1.22 Reverse-flow annular combustor.



ratio of the liner, inherent to the reverse-flow concept, which adds to the problem of liner-wall cooling. In reverse-flow annulars, the air that flows through holes in the outer liner wall approaches these holes from a direction which is opposite to that followed by the air entering the combustion zone through holes in the inner liner wall. Moreover, it is apparent from Figure 1.22 that the air in the inner annulus suffers a higher pressure loss (owing to its longer flow length) than the air in the outer annulus. For these reasons, it is impossible to balance the air jets emanating from the inner and outer liner walls in terms of initial angle, depth of penetration, and momentum. Consequently, the conventional double-vortex, primary-zone flow pattern is ruled out, and single-sided air admission, producing single-vortex flow recirculation in the primary zone, is generally used. The flow recirculation is created partly by air jets and partly by air that is introduced as a wall jet. This air serves to film-cool the liner dome before participating in primary combustion. The main problem areas with small combustors are ignition, wall cooling, and fuel injection. The size and weight of ignition equipment are of special concern because on small engines they represent a larger proportion of the total engine size and weight than on large engines. Unfortunately, most small-engine applications call for a larger number of starts than large-engine applications, so that attempts to reduce the size and weight of ignition equipment can lead to lack of reliability and loss of performance. Liner-wall cooling is especially difficult on small annular systems, in view of the relatively large surface area to be cooled. The situation is exacerbated by the low annulus velocities associated with centrifugal compressors, which result in low external convective cooling of the liner. New cooling methods that require only small air quantities per unit surface area of liner
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are clearly required. AEC (see Chapter 8) would appear to be ideally suited to this application. No completely satisfactory method of fuel injection for small, straightthrough annular chambers has been devised yet. The nub of the problem is that the requirements of high-combustion efficiency, low emissions, and good pattern factor dictate the use of a large number of fuel injectors. However, the larger the number, the smaller the size; and experience has shown that small passages and orifices (below around 0.5 mm) are prone to erosion and blockage. Thus, there is a limit on how far a successful, large atomizer can be scaled down in size. A small annular combustor, developed by Solar, employs an airblast atomizer that is mounted on the outer liner wall and injects the fuel tangentially across the combustion zone. It requires only a small number of injectors per combustor and is reputed to give good atomization, even at startup. Developments in compressors and air-cooled turbines are certain to lead to higher compression ratios and higher turbine inlet temperatures. More research is needed in the areas of wall cooling, fuel preparation and distribution, miniaturized ignition devices, and high-temperature materials, including ceramics, that will address the special needs of small annular combustors.



1.14  Industrial Chambers Industrial engines are required to operate economically and reliably over long periods without attention. Compactness is no longer important and is only considered if the engine has to be constrained to fit into an existing building or if delivery is made difficult. Fuel economy and low pollutant emissions thus become the most important issues along with unit cost. In addition, accessibility for maintenance and minimal shut-down time will influence sales in a competitive market [3]. In order to meet these requirements, combustors in industrial engines tend to be much larger than their aeronautical counterparts. This results in longer residence times, which is clearly advantageous when burning poor quality fuels. Also, flow velocities are lower, hence pressure losses are smaller. Most industrial units tend to fall into one of two categories: 







1. Systems that are designed to burn gaseous fuels, heavy distillates, and residual oils, and depart fairly radically from aeronautical practice. 2. Systems that are essentially “industrialized” aero engines, or that follow aircraft practice closely. They usually burn gaseous and/or light to medium distillate fuels.
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Figure 1.23 General Electric conventional industrial combustor.



One of the most successful industrial units in the first category is the 80 MW GE MS7001 gas turbine. Each machine has ten sets of combustion hardware, and each set comprises a casing, an end cover, a set of fuel nozzles, a flow sleeve, a combustion liner, and a transition piece. These components are indicated in Figure 1.23. The flow sleeve is an axisymmetric cylinder/cone that surrounds much of the combustion liner to aid in distributing the compressor air uniformly to all liners and to improve the external liner-wall cooling [3]. The conventional MS7001 combustion system has one fuel nozzle per combustor, but the more advanced dry low emissions (DLE) versions have multiple fuel nozzles per combustor (see Chapter 9). Some manufacturers of industrial engines prefer to use a single, large combustor that is mounted outside the engine, as shown in Figure 1.24. This allows the combustor to be designed exclusively to meet the requirements of good combustion performance. It is also easier to design the outer casing of the unit to withstand the high-gas pressure. A further advantage of this approach is ease of inspection, maintenance, and repair, all of which can be accomplished without removing large casing components. Two basic methods of liner construction are used: 



1. An all-metal liner constructed of finned metal parts that are cooled by a combination of convection and film cooling. 2. A tube of nonalloy carbon steel that is lined with refractory bricks. This requires less cooling air than the all-metal type.
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Figure 1.24 Industrial engine featuring single tubular combustor.



Multiple fuel injectors (burners) are generally preferred for these combustors because they provide a shorter flame and a more uniform distribution of temperature in the gases flowing into the dilution zone. The Siemens silo combustors are fitted with a number of “hybrid” burners that can operate on natural gas in either diffusion or premix modes to achieve low emissions over a wide operating range. Essentially, the system functions as a diffusion burner at low engine loads and as a premix burner in the upper load range. For their silo-type combustors, Siemens used the same fuel burner in engines of different power ratings, the number of burners being changed to accommodate variations in engine size. However, in their new annular combustors, the number of burners is kept constant at 24 to ensure a good pattern factor. The drawback to this approach is that the burners must be scaled with respect to the machine size, although the basic design remains the same. The Siemens hybrid burner is now fully established as a lowemissions system for large engines in the 150 MW class, but it has also been applied by MAN GHH to its THM 1304 engine. This 9 MW class gas turbine
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features two tubular combustion chambers mounted on top of the engine casing [4]. The ABB company has developed a conical premix burner module, called the EV-burner, which can operate satisfactorily on both gaseous and liquid fuels and has demonstrated good performance in a wide range of low-NOX combustion applications [5,6]. The silo combustor for the ABB GT11N gas turbine is equipped with thirty-seven of these burners, all of which operate in a pure premix mode [5]. For part-load operation, fuel is supplied to only a fraction of the total number of burners. The same technology has also been used in the design of annular combustors. The ABB GT10 (23 MW) combustor features a single row of 18 EV burners, while the heavy-duty ABB GT13E2 gas turbine (>150 MW) has 72 EV burners that are arranged in two staggered circumferential rows. 1.14.1  Aeroderivative Engines The notion of modifying aero engines to serve as industrial or marine engines is by no means new. One early example is the Allison 501 engine, which is basically this company’s T56 aero engine, but adapted to burn DF2 fuel instead of aviation kerosine. Initially, this engine was fitted with six tubular (can) combustors, but the modern 501-K family of engines feature a can-annular configuration consisting of six tubular cans contained within an annular casing. The DLE version of this combustor for burning natural gas, as described by Razdan et al. [7,8], employs a dual-mode combustion approach to meet its emission goals without resorting to water or steam injection. Many other engine companies followed this same route of converting aero engines into power sources for a wide variety of industrial and transport applications. For example, Rolls Royce produced industrialized versions of its Avon, Tyne, and Spey aero engines. For the combustor, this “industrialization” process mainly involved changes to the fuel injector, sometimes to provide multifuel capability, but also to facilitate the injection of water or steam for NOX reduction. It was also customary to modify the primary-zone airflow pattern, often by the addition of more air, to exploit the absence of a high-altitude relight requirement and to reduce soot formation and smoke. As emissions regulations became increasingly severe, such simple modifications to an existing aero combustor no longer sufficed and more sophisticated approaches were needed. Today’s industrial DLE combustors take full advantage of the benefits to be gained from fuel staging and f uel–air premixing in achieving their emissions targets. The aero-derived GE LM6000 and RR211 DLE industrial engines both employ staged combustion of premixed gaseous fuel–air mixtures. Another interesting feature of these two engines is that both were derived from successful high-performance aero engines by simply replacing the
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Figure 1.25 Industrial RB211 DLE combustor. (Courtesy of Rolls Royce plc.)
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Figure 1.26 Industrial Trent DLE combustor. (Courtesy of Rolls Royce plc.)



existing aero combustors with DLE combustors of the same length, as illustrated for the RB211 in Figure 1.25. The Rolls Royce Industrial Trent is among the most recent aeroderivative engines. It employs three separate stages of premixed fuel–air injection, as shown in Figure 1.26.
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2 Combustion Fundamentals



2.1  Introduction The subject of combustion embraces a wide variety of processes and phenomena. Even a brief summary of the vast amount of material that has been published on combustion science and technology would be well beyond the scope and intention of this chapter. Instead, attention is focused on a few key aspects of combustion that are considered to be most relevant to the gas turbine and are not covered in the remaining chapters of this book. Combustion is perhaps described most simply as an exothermic reaction of a fuel and an oxidant. In gas turbine applications, the fuel may be gaseous or liquid, but the oxidant is always air. Combustion occurs in many forms, not all of which are accompanied by flame or luminescence. Two important regimes of combustion can be distinguished [1]. 2.1.1  Deflagration This is a fast process that requires less than 1 ms for 80% completion. It is characterized by the presence of a flame that propagates through the unburned mixture. A flame may be defined as a rapid chemical change occurring in a very thin fluid layer, involving steep gradients of temperature and species concentrations, and accompanied by luminescence. From a macroscopic viewpoint, the flame front can be viewed as an interface between the burned gases and  the unburned mixture. Compared with the unburned mixture, the burned gases are much higher in volume and temperature, and much lower in density. Deflagration waves in hydrocarbon fuel-air mixtures normally propagate at velocities below 1 m/s. All the flame processes that occur in gas turbine combustors fall within this category. 2.1.2  Detonation The characteristic feature of detonation is a shock wave that is connected with and supported by a zone of chemical reaction. Detonation waves proceed at supersonic velocities, ranging from 1 to 4 km/s. They cannot occur in the 35
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conventional fuel–air mixtures employed in gas turbine combustors, but the possibility could arise in situations where oxygen injection is employed to facilitate ignition and engine acceleration. Currently, pulse detonation engines are of interest to the military and these engine combustors employ detonation waves.



2.2  Classification of Flames Most fundamental studies of flame combustion are performed using gaseous or prevaporized fuels. Furthermore, although a flame (i.e., a combustion wave) can propagate through a static gas mixture, it is usual to stabilize the flame at a fixed point and supply it with a continuous flow of combustible mixture. Under these conditions, flames can be divided into two main classes— premixed flames and diffusion flames—depending on whether the fuel and air are mixed before combustion, or mixed by diffusion in the flame zone. Depending on the prevailing flow velocities, both types of flame can be further classified as laminar or turbulent. A further complication arises in practical systems burning liquid fuels: if the fuel is not completely vaporized before entering the flame zone, heterogeneous spray combustion may take place. This process, involving diffusion flame burning of individual evaporating fuel droplets, may be superimposed on a premixed turbulent flame zone. However, if both reactants are in the same physical state, the combustion process is described as homogeneous. The candle provides a simple example of a diffusion flame. Fuel vapor rises from the wick and can burn in the neighborhood of the wick only to the extent that it can mix with the oxygen in the air. For this type of flame, the rate of mixing between the fuel and the oxidant often limits the overall rate of combustion. Only for laminar premixed gaseous flames is the combustion process determined largely by flame chemistry, local heat and mass transfer, and definable macroscopic system parameters (pressure, temperature, and air/fuel ratio [AFR]), with gas-dynamic and gross heat and mass transfer processes having little effect. With premixed gases, a combustible mixture is available from the outset. Once the flame has been initiated at some point in the mixture (by means of a hot surface, an electric spark, or some other ignition source), it will propagate throughout the entire volume of combustible mixture. The speed at which it propagates and the factors affecting its rate of propagation are of special interest to the designer of practical combustion systems. Turbulence is of prime importance because most flowing fuel–air mixtures are turbulent and turbulence is known to enhance flame speeds considerably.
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2.3  Physics or Chemistry? The subject of combustion embraces both physics and chemistry. In the present context, physics is taken to include heat transfer, mass transfer, thermodynamics, gas dynamics, and fluid dynamics. In many practical combustion devices, physical processes are much more limiting to combustion performance than chemical processes. In general, chemical processes are important mainly for their influence on pollutant emissions and, in aircraft combustors, on lean lightoff and lean blowout limits at high altitudes. However, at most operating conditions, the main interest lies not so much on the limits of combustion as on the structure, heat-release rates, combustion products, and radiation properties of hightemperature flames. The release of energy by chemical reaction is, of course, an essential step in the overall combustion process, but in high-temperature flames it occurs so quickly in relation to the other processes involved that it can usually be disregarded. Also, heavier hydrocarbons quickly breakdown into simple, lighter radicals (e.g., methyl radicals), thereby simplifying the analysis of chemical processes. For diffusion flames, the rate of interdiffusion of air and fuel and, for larger flames, the rate of large-scale mixing, are the rate-controlling steps. The aerodynamics of the system, which include turbulence levels and rates of entrainment of air and combustion products, are most important in determining flame size and stability.



2.4  Flammability Limits Not all fuel–air mixtures will burn or explode; flames can propagate through fuel–air mixtures only within certain limits of composition. If small amounts of combustible fuel gas or vapor are gradually added to air, a point will be reached at which the mixture just becomes flammable. The percentage of fuel gas at this point is called the lower flammable limit, weak limit, or lean limit. If more fuel is added, another point will eventually be reached at which the mixture will no longer burn. The percentage of fuel gas at this point is called the upper flammable limit or rich limit. For many fuels, the weak limit corresponds to an equivalence ratio of around 0.5, and the rich limit to an equivalence ratio of around 3. An increase in pressure above atmospheric usually widens the flammability limit of gases and vapors. This is especially true of hydrocarbon–air mixtures. Most of the widening occurs at the rich end of the range. In the practically important range of pressures from 10 kPa to 5 MPa, the weak flammability limit is not strongly pressure dependent.
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The flammability range is also widened by an increase in temperature, but the effect is usually less than that of pressure. For liquid fuels, the formation of combustible mixtures is only possible within definite temperature limits. The lower temperature limit is taken as the minimum temperature at which the fuel’s vapor pressure is sufficient to form the weak-limit volume concentration of vapor in air. On being cooled below this temperature, the mixture becomes too weak for flammability. The upper temperature limit corresponds to the rich-limit concentration, and a subsequent increase in temperature enriches the mixture to a condition of nonflammability. The lowest temperature at which a flammable mixture can be formed above the liquid phase is called the flash point when quoted for atmospheric pressure. The ease with which enough vapor is formed to produce a flammable mixture depends on the vapor pressure of the fuel. Highly volatile fuels produce high vapor pressures that give low flash points.



2.5  Global Reaction-Rate Theory Although the combustion of a hydrocarbon fuel is an extremely complex process, it may be analyzed on the assumption that combustion can be fully described by a single global reaction in which fuel and air react at a certain rate to form combustion products. It is further assumed that the fuel and air entering the combustion zone are instantaneously mixed with all the other material within the zone, and that burned products leave the combustion zone with temperature and composition identical to those within the zone. In a conventional combustion chamber, the essential requirement of low pressure loss prohibits sufficiently rapid mixing to ensure a truly homogeneous combustion zone. This condition has been closely approached in the “stirred reactor” of Longwell and Weiss [2], in which intimate mixing between fresh mixture and burned products is accomplished by imparting considerable energy to the inflowing jets, at the expense of appreciable pressure loss. According to Longwell et al. [3], the rate of reaction between fuel and air may be expressed by the material balance equation 



E  n m n− m  A = CcfVT 0.5 exp  − ηc φ m ρ xf xo .  RT 



(2.1)



The following assumptions are made: 



1. The consumed material forms a mixture of CO2, CO, H2, and H2O in water–gas equilibrium at temperature T. 2. Fractions (1–ηc) of the original fuel and (1–ηcϕ) of the original oxygen remain and are regarded as the only reactants. In lean mixtures, the fuel forms only CO2 and H2O when consumed.
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Longwell and Weiss have derived the chemical equations for octane burning in air. The corresponding equations for kerosine are discussed next. 2.5.1  Weak Mixtures For weak mixtures (ϕ  1), φC12 H 24 + 18O 2 + 67.68N 2 = 18 ( 1 − ηc φ ) O 2 + ( 1 − ηc ) φC12 H 24 



+12 ηc φ ( CO 2 or CO ) +12 ηc φ ( H 2 or H 2 O ) +67.68N 2 .



(2.5)
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Following the same procedure as that employed for weak mixtures leads, for n = 2 and m = 1, to A ( 1 − ηc ) , m φ α 1.5 2 ηc VP T exp ( E RT ) 2







(2.6)



while for n = 1.75 and m = 0.75, we have A ( 1 − ηc ) m φ 0.75 α 1.25 1 75 . ηc VP T exp ( E RT )



1.75







. 



(2.7)



The manner in which the heat-release rate varies with the fraction of the fuel burned ηc is illustrated in Figure 2.1. At low levels of ηc, heat-release rates are low because the temperature is low. As combustion proceeds, the temperature rises, thereby increasing the rate of heat release until a maximum is reached at a level of ηc that varies between 0.7 and 0.9, depending on the equivalence ratio of the mixture and its initial temperature. Beyond this point, any further increase in reaction rate, resulting from the continuing rise in temperature, is more than offset by the reduction caused by the fall in concentration of the oxygen and unburned fuel. Thus, the heat-release rate falls off, becoming zero at the maximum temperature, which also correspond to 100% combustion efficiency.
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Figure 2.1 Mechanism of flame blowout.
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The load line in Figure 2.1 represents the amount of heat required to raise the unburned mixture to the reaction temperature. The point at which it intersects the heat-release curve represents the operating point of the combustor. As the throughput is increased, the slope of this line increases until, finally, it no longer intersects the heat-release curve, and the flame blows out.



2.6  Laminar Premixed Flames The burning velocity of a flame, i.e., the rate at which a plane combustion wave will propagate through a gaseous flammable mixture, is determined partly by the rate of chemical reaction in the thin flame zone, and by heat and mass transfer from the flame to the unburned gas. The key processes involved have been described by Gaydon and Wolfhard [6]. Conductive and radiative heating of the unburned gas serve to initiate reaction by a thermal mechanism, while back diffusion of active species from the flame zone can initiate reaction by a diffusion mechanism. The burning velocity of a flame is therefore affected by flame radiation and hence by flame temperature, by local gas properties such as viscosity and diffusion coefficient, and by the imposed variables of pressure, temperature, and AFR. The burning velocity may be defined as the velocity with which a plane flame front moves in a direction normal to its surface through the adjacent unburned gas. It is a fundamental property of a combustible mixture and is important practically, both in the stabilization of flames and in determining rates of heat release. It is found in practice that for any fuel, the burning velocity has a reproducible constant value when the imposed variables are fixed. It is also of interest to note that the burning velocities of stoichiometric mixtures of many hydrocarbon fuels burning with air approach a single common value of about 0.43 m/s at normal atmospheric temperature and pressure. This is probably because most complex fuels are largely pyrolyzed to methane, other one- or two-carbon-atom hydrocarbons, and hydrogen before entering into the flame reaction zone. Hence, the gas composition entering the flame zone is substantially independent of the original fuel. 2.6.1  Factors Influencing Laminar Flame Speed The most important factors governing the laminar burning velocity are equivalence ratio (fuel/air ratio), temperature, and pressure. 2.6.1.1  Equivalence Ratio The variation of flame speed with mixture strength roughly follows that of flame temperature. In almost all cases, the maximum value occurs at an
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equivalence ratio of between 1.05 and 1.10. Notable exceptions to this general rule are hydrogen and carbon monoxide. Their laminar burning velocities reach a maximum at an equivalence ratio of around 2. 2.6.1.2  Initial Temperature Dugger and Heimel [7] investigated the effect of initial mixture temperature on maximum burning velocity for mixtures with air of methane, propane, and ethylene, over temperatures ranging from 141 to 617 K. Their results showed that flame speed increases with an increase in temperature. The experimental data were correlated by the following empirical equations: Methane : SL = 0.08 + 1.6 × 10−6To2.11 



Propane : SL = 0.10 + 3.42 × 10−6To2.0 Ethylene : SL = 0.10 + 25.9 × 10−6To1.74



2.6.1.3  Pressure Flame theory suggests that pressure is an important parameter whose effect may be related to the reaction order by an expression of the form 



SLαP(n− 2)/2.



Thus, for a bimolecular reaction (n = 2), burning velocity should be independent of pressure. For the slow-burning fuels (SL 
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