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Abstract 

 

This paper briefly reviews some of the work on advanced the liner cooling techniques - specifically laminated porous wall 

cooling, angled-multirole (effusion) cooling and composite metal matrix liner cooling. The concept definition, heat transfer 

design procedure and design problems including key materials and fabrication considerations associated with each basic concept 

will be reviewed. Combustion characteristics and pollutant emissions are studied for different fuels. The influence of droplet 

diameter on pollutant emissions at all conditions is studied. The fuel and oxidizer are supplied at ambient conditions. The 

concept of high swirl flows has been adopted to achieve high internal recirculation rates, residence time and increased dilution of 

the fresh reactants in the primary combustion zone, resulting in flameless combustion mode. Numerical computation has been 

applied to investigate the temperature field in a gas turbine combustion chamber. The simulation assumed that pressure 

imbalance conditions of air flow between primary and secondary inlets occur. 
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_______________________________________________________________________________________________________ 

I. INTRODUCTION 

The development of the gas turbine engine as an aircraft power plant has been so rapid that it is difficult to appreciate that prior 

to the 1950s very few people had heard of this method of aircraft propulsion. The possibility of using a reaction jet had interested 

aircraft designers for a long time, but initially the low speeds of early aircraft and the unsuitably of a piston engine for producing 

the large high velocity airflow necessary for the ‘jet’ presented many obstacles. The work presented in this paper aims to review 

the combustion chamber of gas turbine in prediction of temperature and scale effect  and the reactive flow in an industrial gas 

turbine combustion chamber model. The information which can be gathered by the systematic application of these measurements 

to different geometries and configurations is of primary importance to designers of new, advanced-type combustion chambers, 

for which the knowledge of the flow field is a basic design prerequisite from many points of view (flame stability, expectable 

degree of fuel/air mixing, extension of the length of recirculation Zones, kinetics of reactions, etc.) The combustion chamber 

here examined was of the lean-premix type which is recognized to be a good configuration for obtaining low NO, emission 

levels without substantial growth in CO or HC emissions.[1]  High temperature development is a normal process in the central 

core of a combustion chamber gas turbine. However if such level of heating reaches auxiliary parts of the turbine out of the 

chamber, permanent damage may occur. One case of this kind raised from a combined cycle gas turbine where a whole set of 

cross flame pipes were reported totally burnt. The Flame domain was thought to reach regions other than the combustion 

chamber core. It  was not evident why a flame expansion occurred causing over heating in these Regions, producing permanent 

damage to the cross flame pipes. With the cross flame pipes damaged, the starting-up process cannot be completed, causing 

losses of power beside costly replacements. These studies revealed that the cross flame pipes were exposed to high temperatures. 

The present work shows the effect of small pressure fluctuations at air inlet, primary air and secondary air on the temperature 

fields in a gas turbine combustion chamber. In the next section the method used to simulate the combustion is described. It is 

followed by a physical description of the combustion chamber model. Afterwards, the results obtained are discussed and finally 
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conclusive remarks are offered.[2] Theoretical study of the contributory processes of combustion has been made by D. G. 

STEWART t' 2. Various requirements were produced, in many cases mutually conflicting, which should be satisfied when 

testing geometrically similar combustion chambers. The fuel spray functions in particular were confusing, and easily upset by 

variation in the practical qualities of atomizers. While, therefore, accepting the basic aerodynamic factors which emerged, it was 

the purpose of this work to consider their application to a specific type of chamber, and establish the additional requirements 

governing the air-fuel mixture pattern.[3] The projected designs for future aircraft engines are very aggressive in terms of thrust-

to-weight, rotor speed and temperature goals'. Conventional wall cooling methods (e.g. film convection cooling) are incapable of 

providing satisfactory durability without using excessive amounts of cooling air, which in turn severely restricts air available for 

temperature pattern control. Engine envelope demands, especially for small aircraft engines, further burden the designer by 

mandating fold back (reverse flow) combustor designs, which reduce engine length and weight but substantially increase the 

combustor surface area to be cooled. Although attention to cooling problems has traditionally been focused on the HP turbine for 

obvious reasons, there is a need to view combustor liner cooling as a technical problem of equal importance if projected 

performance goals and durability improvements are to be achieved.[4] 

II. COMBUSTION CHAMBER 

The combustion chamber fig.(1) has the difficult task of burning large quantities of fuel, supplied through the fuel spray nozzles, 

with extensive volumes of air, supplied by the compressor and releasing the heat in such a manner that the air is expanded and 

accelerated to give a smooth stream of uniformly heated gas at all conditions required by the turbine. This task must be 

accomplished with the minimum loss in pressure and with the maximum heat release for the limited space available. The amount 

of fuel added to the air will depend upon the temperature rise required. However, the maximum temperature is limited to within 

the range of 850 to 1700 deg. C. by the materials from which the turbine blades and nozzles are made. The air has already been 

heated to between 200 and550 deg. C. by the work done during compression, giving a temperature rise requirement of 650 to 

1150 deg. C. from the combustion process. Since the gas temperature required at the turbine varies with engine thrust, and in the 

case of the turbo-propeller engine upon the power required, the combustion chamber must also be capable of maintaining stable 

and efficient combustion over a wide range of engine operating conditions. Efficient combustion has become increasingly 

important because of the rapid rise in commercial aircraft traffic and the consequent increase in atmospheric pollution, which is 

seen by the general public as exhaust smoke.[5] 

 
Fig 1 Combustion chamber 

III. COMBUSTION PROCESS 

Air from the engine compressor enters the combustion chamber at a velocity up to 500 feet per second, but because at this 

velocity the air speed is far too high for combustion, the first thing that the chamber must do is to diffuse it, i.e. decelerate it and 

raise its static pressure. Since the speed of burning kerosene at normal mixture ratios is only a few feet per second, any fuel lit 

even in the diffused air stream, which now has a velocity of about 80 feet per second, would be blown away. A region of low 

axial velocity has therefore to be created in the chamber, so that the flame will remain alight throughout the of a combustion 

chamber can vary between 45:1 and130:1, However, kerosene will only burn efficiently at, or close to, a ratio of 15:1, so the fuel 

must be burned with only part of the air entering the chamber, in what is called a primary combustion zone. This is achieved by 

means of a flame tube (combustion liner) that has various devices for metering the airflow distribution along the chamber. 

Approximately 20 per cent of the air mass flow is taken in by the snout or entry section. Immediately downstream of the snout 

are swirl vanes and a perforated flare, through which air passes into the primary combustion zone. The swirling air induces a 

flow upstream of the centre of the flame tube and promotes the desired recirculation. The air not picked up by the snout flows 

into the annular Space between the flame tube and the air casing. [6] 
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IV. COOI.INC SCHEMES 

Internal-combustion turbines are now well established and have been comprehensively dealt with in the literature. Equally well 

established, however, are the difficulties associated with the use of these higher temperatures, and considerable research effort is 

going into attempts to solve them. The turbine, especially the highly stressed rotor blades, has naturally been the object of most 

of this effort, but a component which has hitherto received much less attention has been shown by recent experience to present 

difficulties almost as critical as those of the turbine. This component is the combustion system. It follows from the arrangement 

of a typical gas-turbine combustion system that the flame tube will be subjected to temperatures considerably higher than prevail 

at the turbine inlet, and although not highly stressed, experience has shown that severe distortion and even complete failure of 

flame tubes can be expected in periods of less than one thousand hours.  While this is of less importance in aircraft-engine 

practice, where frequent complete overhauls and renewal of major Components are usual, it makes some form of cooling 

essential for the combustion systems of industrial gas-turbine plant required to operate continuously and reliably for 10ng 

periods. Air appears as the logical coolant for gas-turbine combustion systems, and its use is assumed in each of the wall-cooling 

methods which are discussed in this paper. There is always an excess available over the amount of air required to burn efficiently 

the fuel in the primary zone of a combustion chamber, and a proportion of this may be used most conveniently for cooling 

purposes. 

The main advantage to be gained by so doing is that no heat is lost from the main working cycle of the engine, as is 

necessarily the case with, for instance, water-cooling. The gas temperatures associated with the air-cooling system may be so 

arranged that after the last of the coolant has mixed with the main stream, the resultant temperature corresponds with the 

maximum acceptable to the turbine. The several alternative methods of achieving wall cooling are considered separately in the 

text which follows. It is assumed in all cases that the necessary airflow is independently metered, and this will have to be 

arranged by the designer of a particular system, who must ensure that the fluid static-pressure drops in the coolant and the main 

stream, from the initial point of separation to where they finally merge again, are equal.[7] 

 Linear Cooling Scheme A.

The principal schemes representing both the current and future candidate approaches to combustor liner wall cooling are shown 

conceptually in Simple slot film cooling has received the most attention in terms of application and fundamental studies. While 

the significant body of research work has greatly enhanced the understanding of film flow behavior, significant reduction of 

cooling flows in pure slot film cooled combustors has not been forthcoming. This is attributed in part to the difficulty in 

maintaining film integrity in a turbulent environment characterized by recirculating flows. Also, the insulating film primarily 

affects the convective component of heat transfer and has little effect on the radiative heat transfer from the luminous gas. 

Colladay2 was the first to recognize that significant reductions in coolant flow could be achieved if the heat sink capability 

inherent to the coolant is more fully utilized in the active mode prior to injection. This led to the development of the film-

convection cooling system. Further improvements in cooling are usage requires a departure to more effective mass transfer 

cooling schemes, such as transpiration or effusion cooling. The heat transfer development work leading to incorporation of such 

systems into combustors is reviewed in the following sections. [8] 

 Laminated Porous Wall Cooling B.

An improvement in metal joining techniques has led to the development of fabricated multiple-laminate porous structures. One 

such structure, consist of several diffusion-bonded, photo etched metal sheets. This cooling scheme has considerable design 

flexibility relative to flow resistance control and optimization of heat transfer performance. Design variables include whole size 

and spacing, laminate thickness, number of laminates, pedestal height, pedestal diameter and spacing. Large internal heat transfer 

surface area to volume ratio and hence improved thermal effectiveness levels (defined as actual coolant temperature rise divided 

by ideal rise) can be achieved by reducing all the dimensions so that the internal structure approaches that of a fine capillary 

mesh. The reduction in the dimensions is however limited by passage clogging considerations and by fabricator limitations.  [8] 

 Angled Multi Hole Effusion Cooling C.
A more practical arrangement, but one that still approximates a porous wall, is a wall perforated by a large number of small holes 

ideally, the individual holes should be large enough to remain free of blockage by dirt, but small enough to prevent excessive 

penetration of the air jets. The cooling performance is controlled by a relatively few geometric parameters, namely: sheet 

thickness, whole size, spacing and plunge angle. In theory, the effusion cooling concept can approach transpiration cooling 

performance in the limit as the whole diameters and spacing-to-diameter ratios are reduced to zero. Parametric studies3 have 

shown that when 'realistic minimum' hole sizes, spacing and plunge angles are Considered effusion cooling performance lies 

between film-convection cooling and laminated porous wall cooling. The principal advantage of this approach lies in its inherent 

simplicity, ease of manufacturing and cost-effectiveness, a major factor under present economic conditions.[8] 
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V. SCALE EFFECT 

A more restricted analysis has been employed, concentrating on those factors to which the performance of a spray chamber is 

thought to be most critical. A concurrent experimental programmed has provided data on atomizer scale behavior, enabling the 

optimum matching to be predicted. Comprehensive combustion tests on two scales of aircraft pattern tubular chamber have been 

carried out, to confirm the results of this theoretical treatment. Scale agreement has been tested throughout at simulated altitude 

idling conditions, where combustion can be expected to be most sensitive to minor differences in air flow pattern and fuel spray 

characteristics. The benefit in terms of plant capacity to be derived from part-size scale testing of chambers under development 

was stated by Stewart 1. While this is indeed true, interest in scale techniques is also directed towards use of linear scale as a 

further test variant, which becomes available in experimental research into combustion processes.[9] 

 Scale effect in a gas turbine  A.

That the conditions of testing will allow the following factors to be constant between full size unit and model:  

 length/diameter ratio,   

 fuel properties, and  

 Operating temperatures. 

 The most important considerations then are: 1)

 Aerodynamic flow pattern, governed by Reynolds number and Mach number 

 Air-fuel mixture distribution, which will be dependent on penetration scale, evaporation rate, air/fuel momentum ratio, 

and geometric similarity of fuel spray 

 Chemical combustion processes, including the effects of ignition delay, limiting reaction rate, and flame propagation. 

Items (a) and (c) may conveniently be considered together, in the absence of fuel injection effects, which will be treated 

separately. [10] 

 General Scale Agreement B.

Fig. (2) (a) And (b) show total head traverses at inlet to full size and half size chambers, both chambers being tested at 

atmospheric outlet pressure, and air mass flow scaled to give equal velocity. Very reasonable matching is evident. 

 
Mean value of total head 15-34in. water 

Fig. 2(a): Inlet total head pressure traverse--[Full scale chamber.] 
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Mean value of total head 14.29 in. water 

Fig. 2 (b): Inlet total head pressure traverse--half scale chamber 

Air mass flow was measured with other circuits successively blanked off. The overall agreement of primary and secondary 

circuits is good, but despite the care in manufacture the half scale swirled accepts an excess of primary air. Test results suggest 

that there is no very serious effect on combustion performance due to this error. Typical outlet temperature traverses are shown 

in Figures 3 and 4 for the two scales of chamber. The agreement in Tmax/Tmean. is very good, but a characteristic shift of contour 

is noticeable. A similar difference in pattern has been observed 8 elsewhere. 

 
Fig. 3: Exhaust temperature traverse--full scale chamber 

 
Fig. 4: Exhaust temperature traverse--half scale chamber 
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VI. TYPES OF FLOW 

They are many types are of gas flow in gas turbine  
 Axial flow  

 Radial flow  

 Turbulent flow 

 Axial Flow A.

Approx. all gas turbine power plants use axial flow gas turbine. Development of the axial flow gas turbine was hindered by the 

need to obtain both a high-enough flow rate and compression ratio from a compressor to maintain the air requirement for the 

combustion process and subsequent expansion of the exhaust gases. There are two basic types of turbines: the axial flow type 

and the radial or centrifugal flow type. The axial flow type has been used exclusively in aircraft gas turbine engines to date and 

will be discussed in detail in this chapter. Axial flow turbines are also normally employed in industrial and shipboard 

applications. Fig (5) shows a rotating assembly of the Rolls-Royce Nene engine, showing a typical single-stage turbine 

installation. On this particular engine, the single-stage turbine is directly connected to the main and cooling compressors. The 

axial flow turbine consists of one or more stages located immediately to the rear of the engine combustion chamber. [12] 

The turbine extracts kinetic energy from the expanding gases as the gases come from the burner, converting this kinetic energy 

into shaft power to drive the compressor and the engine accessories. The turbines can be classified as (1) impulse and (2) 

reaction. In the impulse turbine, the gases will be expanded in the nozzle and passed over to the moving blades. The moving 

blades convert this kinetic energy into mechanical energy and also direct the gas flow to the next stage (multi-stage turbine) or to 

exit (single-stage turbine). Fig. 5 shows the axial flow turbine rotors. In the case of reaction turbine, pressure drop of expansion 

takes place in the Stator as well as in the rotor-blades. The blade passage area varies continuously to allow for the continued 

expansion of the gas stream over the rotor-blades. The efficiency of a well-designed turbine is higher than the efficiency of a 

compressor, and the design process is often much simpler. [13] 

The main reason for this fact, as discussed in compressor design, is that the fluid undergoes a pressure rise in the compressor. 

It is much more difficult to arrange for an efficient deceleration of flow than it is to obtain an efficient acceleration. The pressure 

drop in the turbine is sufficient to keep the boundary layer fluid well behaved, and separation problems, or breakaway of the 

molecules from the surface, which often can be serious in compressors, can be easily avoided. However, the turbine designer will 

face much more critical stress problem because the turbine rotors must operate in very high-temperature gases. Since the design 

principle an Concepts of gas turbines are essentially the same as steam turbines. [14] 

 
Fig. 5: Axial flow gas turbine 

 Radial Flow B.

The radial flow turbine has had a long history of development being first conceived for the purpose of producing hydraulic 

power over 170 years ago. A French engineer, Fourneyron, developed the first commercially successful hydraulic turbine (c. 

1830) and this was of the radial-outflow type. A radial-inflow type of hydraulic turbine was built by Francis and Boyden in the 

U.S.A. (c. 1847) which gave excellent results and was highly regarded. This type of machine is now known as the Francis 

turbine; a simplified arrangement of it being shown in Figure (6) It will be observed that the flow path followed is from the radial 

direction to what is substantially an axial direction. A flow path in the reverse direction (radial-outflow), for a single stage 

turbine anyway, creates several problems one of which (discussed later) is low specific work. However, as pointed out by 

Shepherd (1956) radial-outflow steam turbines comprising many stages have received considerable acceptance in Europe. Figure 

(6). From Kearton (1951), shows diagrammatically the Ljungstrom steam turbine which, because of the tremendous increase in 

specific volume of steam, makes the radial-outflow flow path virtually imperative. [14]  
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Fig. 6: Ljungstrom type outward flow radial turbine 

A unique feature of the Ljungstro¨om turbine is that it does not have any stationary blade rows. The two rows of blades 

comprising each of the stages rotate in opposite directions so that they can both be regarded as rotors. The inward-flow radial 

(IFR) turbine covers tremendous ranges of power, rates of mass flow and rotational speeds, from very large Francis turbines used 

in hydroelectric power generation and developing hundreds of megawatts down to tiny closed cycle gas turbines for space power 

generation of a few kilowatts. The IFR turbine has been, and continues to be, used extensively for powering automotive 

turbochargers, aircraft auxiliary power units, expansion units in gas liquefaction  and other cryogenic systems and as a 

component of the small (10 kW) gas turbines used for space power generation (Anon. 1971). It has been considered for primary 

power use in automobiles and in helicopters. According to Huntsman (1992), studies at Rolls-Royce have shown that a cooled, 

high efficiency IFR turbine could offer significant improvement in performance as the gas generator turbine of a high technology 

turbo shaft engine.[15]      

What is needed to enable this type of application are some small improvements in current technology levels! However, 

designers of this new required generation of IFR turbines face considerable problems, particularly in the development of 

advanced techniques of rotor cooling or of ceramic, shock resistant rotors. As indicated later in this chapter, over a limited range 

of specific speed, IFR turbines provide efficiency about equal to that of the best axial-flow turbines. The significant advantages 

offered by the IFR turbine compared with the axial-flow turbine are the greater amount of work that can be obtained per stage, 

the ease of manufacture and its superior ruggedness.[12]  

 Turbulent Flow C.

The flow survey was obtained by using a dual beam laser Doppler anemometer and the first goal was to collect information 

about the mean properties of the reactive flow, in order to have precise data to be used as input of the fluid dynamics simulation 

codes which are frequently used in the development of new combustors. Despite the low data rate obtained in some of the zones 

being investigated, the data sets allowed estimation of the autocorrelation coefficients and of the local value of the integral time 

scale of turbulence. The integral time scale gives an idea of the vortex extension over the field investigated, as well as a 

quantitative indication of their interaction with the mean flow. [1] 

With respect to previous published studies [15,16].the present work tackles the difficulties connected with taking 

measurements in a reactive flow. The flow field analysis here presented can be complemented by measurements of the 

concentrations of chemical species [17], which can be taken by advanced techniques such as Raman spectroscopy, and by 

measurements of temperatures [1]. On the whole, these techniques should allow the combustion chamber designers a very deep 

understanding of the development of the reactive flow: among these techniques, the one which can be most easily transferred to 

full-scale, pressurized testing of the combustion chamber--possibly directly on the gas turbine. 
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