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Introduction

Concorde was born in 1962, when the English and French agreed to cooperate in the development of a Mach 2 transatlantic airliner. The aircraft which resulted from the work of British Aerospace and Aerospatiale is in many ways a technological marvel. The powerplant of Concorde is probably the most interesting device in the aircraft, as it features many new devices designed to deal with supersonic flight conditions.


The engine design and development was shared on a 60%-40% basis between Rolls-Royce of Britain and SNECMA of France. The engine selected was the Bristol-Siddeley Olympus, which originally powered the Vulcan strategic bomber. Many improvements had to be made to the engine, as it had originally been designed as a subsonic aircraft engine. Starting with the old Olympus Mk.100 designed back in 1953, the Concorde program engineers finally came up with the revolutionary Olympus 593 Mk.610. It is this engine and its related systems that report is going to describe. However, before going into more detail of the Olympus design, we need to explain how the engineers selected it as Concorde’s powerplant.

 Fig.1: Cutaway of a couple of Olympus 593 as they are in a Concorde nacelle.

Concorde’s requirements

Jet propulsion was the obvious choice for an SuperSonic Transport (SST), however there was a dilemma between the turbojet and the turbofan concepts. Turbofans were quieter and more economical in subsonic flight than turbojets. To the Rolls-Royce and SNECMA engineers, it seemed that turbofans would not be advantageous in supersonic flight: they would cause excessive drag because of their large master cross-section. Concorde’s Russian counterpart, the Tu 144, did indeed use Kuznetsov turbofans. But it was learned many years later that the Tupolev had to keep 40% reheat in cruise at Mach 2 to compensate for their drag, thus limiting the range drastically. Because of this, a turbojet seemed more appropriate for Concorde (Le Moel, 1994, p. 60).


The most powerful turbojet engine available in Europe in 1962 was the Olympus, and it also had the largest development potential. Therefore, the Bristol-Siddeley Olympus Mk.320 was chosen as basis for the European SST powerplant. However, Olympus would undergo heavy modifications during the Concorde program, the most important of which being:

· A partial reheat to break the sound barrier, and an associated variable exhaust nozzle.

· The use of heat resistant materials designed to sustain the supersonic temperature rise of about 130 C (248 F) at 60,000ft.

· Variable air inlet, to slow down the intake airflow.


The greatest challenge in these improvements was not only to allow the engine to fly at Mach 2 conditions, but also to keep it efficient at slow speeds and low temperatures encountered near the ground. This paper will sometimes refer to the first generation of Olympus (Mk.100 to Mk.320, the engines of the Vulcan), to explain the design of the second generation (Olympus 593), the engines of the TSR.2 tactical fighter (canceled) and Concorde. The versions of the Olympus which equips the protoypes and pre-production models of Concorde are the 593-3B and 593 Mk.602, whereas production models are powered by the Olympus 593 Mk.610 (full designation is Mk.610-14-28).

 Fig.2: The Olympus 593 Mk. 610, which equips production Concorde aircraft.
The Olympus 593 design

In order to get a better understanding of the Olympus design, let’s follow an air particle as it flows from the turbine air inlet through the gas generator to the exhaust nozzles.

 Fig.3: Overview of the Olympus 593.

Variable air inlet

No turbine engine can accept a supersonic flow of air. At such speeds, the air rushing into the compressor creates shock waves on the rotor blades, thereby causing severe distortion and vibrations along with a complete loss of efficiency of the blades. Therefore, every turbine-powered supersonic aircraft has to be equipped with a special air inlet which slows down the ambient air to about Mach 0.5 (Chronique, 1992, p. 900).


In most supersonic fighter planes of the time, this slowing down of the airflow was achieved by a movable cone placed at the air inlet. However, this concept could not be used in Concorde for two reasons: first, because of the square shape of the engine nacelles, and second because supersonic speeds had to be held for very long periods of time.

 Fig.4: The variable air inlet assembly.


The inlet used in Concorde features sharp intake leading edges and variable convergent-divergent ramps (Fig.4). The sharp leading edges provide a mean to break the shock waves before the air enter the inlet. Therefore, when the air enter the variable inlet, it rarely exceeds Mach 0.9. Inside of the inlet, the moving ramps can narrow the air passage, thus providing a regulation of the flow of air entering the compressor (Baxter, 1990, p.139). During take off, the ramps are in the fully open (up) position, in order to feed the engine with as much air as possible (Fig.5-1). An auxiliary inlet door, under the nacelle, is also open, providing extra air. This auxiliary inlet closes around Mach 0.7. As soon as Mach 1.3 is reached, the ramps start going down progressively, limiting the compressor intake airspeed as needed (and therefore the mass flow). The ramps provide the engine with the exact quantity of air they need, while the rest of the air penetrating the variable inlet is bypassed around the engine, and is used as cooling. In Mach 2 cruise, the ramps are in a down position and slow inlet air to Mach 0.5 in less than 15 feet. This keeps the shock wave pattern between the sharp intake leading edges of the inlet. Some shock waves may arrive to the last varaible ramps, but they never reach the compressor (Fig.5-2). It is interesting to note that as the slowing down of the air causes an increase in pressure, the variable air inlet acts as a kind of ‘supercharger’ for the low-pressure (N1) compressor. Furthermore, the ramps bypass the turbulent boundary layer  of the air intake around the turbine, thus allowing only smooth air to enter the compressor. This feature is extremely important at high speeds, were little turbulence in the air intake may cause dangerous vibrations in the compressor (Science, 1992, p. 43).

(1) Take-off

(2) Supersonic cruise

(3) Engine failure

 Fig.5: Three variable inlet positions.


The variable inlet also features a special position for in-flight engine shutdown. In the event of an in-flight engine failure, the ramps go fully down, and the auxiliary inlet opens to evacuate as much air as possible. Most of the air which penetrates the variable inlet is therefore either bypassed around the engine or spilled through the bottom auxiliary inlet, which causes the failed engine’s wing to lift slightly (Fig.5-3) (Calvert, 1982, p. 52).


The variable inlet was designed with the supersonic cruise in mind, for which it is very well adapted. However, at low speeds, especially during take-off, their square shape provides a high airflow distortion that can cause excessive vibration. This causes Concorde’s number 4 engine to vibrate strongly below 60 kias, thus N1 speed has to be kept at 88% until the aircraft reaches this speed on take-off, in order to avoid excessive compressor blade vibration. This is done automatically by the engine control unit (Baxter, 1990, p. 156).

 Fig.6: The effects of an inlet ramp detaching at Mach 2 on a 593-3B: the two compressors were entirely damaged but the engine could still attain 90% before surging.


Aside from slowing down the air, the air intake (and the rest of the cold section) of a supersonic turbine engine needs to sustain very high temperatures. Shock waves around a supersonic airplane can be defined as an overpressure of the air flowing outside of it. And as Charles law says , any increase of pressure, creates a temperature rise. At Mach 2, the shock waves cause a temperature rise of 174 C (345 F). As the outside air temperature is about -55 C (-67 F), the temperature of the airflow around the plane will be about 120 C (248 F). This means that the whole cold section has to be made of heat resistant material. The moving ramps are made of steel, and have a honeycomb structure. They are hydraulically activated by an electronic command system, which takes into consideration the airspeed of the aircraft and the throttle lever position. It allows the engine and compressor intake mass flows to be matched in all phases of flight (Baxter, 1990, p. 139).

Low-pressure compressor


The air then enters the N1 compressor through a 5 radial strut zero-swirl support for the compressor’s front bearing. Early versions of the Olympus 593 (the -3D and -3B) featured a 17 vane compressor inlet, but a 5-vane inlet was made standard on the production version, thereby increasing the mass flow by about 5%. The magnesium-zirconium intake casing of the early Olympus was replaced in Concorde by a titanium alloy casing. The five intake struts are hollow, which allows compressor air to be circulated inside of them for anti-icing purposes (Baxter, 1990, p. 153).

 Fig.7: Sir Stanley Hooker with an early Olympus Mk.101, 5-stage N1 rotor.


The N1 compressor is of the axial-flow type and comprises seven stages. All the vanes, blades and rotor discs are manufactured with titanium, while the stator casing is made of a single stainless steel piece. ‘Fir tree’ type roots are used to secure the blades to the rotor. Rotor discs are sandwiched around the compressor shaft, and are bolted together (Ganley, 1991, p. 5).


The diameter at the front of the N1 compressor is about 48 inches, which only cause an acceptable amount of drag. As mentioned earlier, a turbofan would create an excessive drag at supersonic speeds because of its large master cross-section. For example, the General Electric CF-6-6 turbofan, whose thrust is comparable to the Olympus’, has a N1 compressor diameter of 94 inches.

Intermediate casing and accessory section

After being discharged from the low pressure compressor, the air enters the intermediate casing, just before the high pressure compressor (N2). This casing is also made of titanium, and it features vanes which hold the N1 and N2 thrust bearings. These bearings are pressurized with N1 compressor air for lubrication purposes (Jane’s, 1976, p. 708).


The accessory section drive is connected to the N2 compressor rotor shaft in this casing. There are two accessory gearboxes beneath the engine, the left one for engine accessories (fuel and oil, Fig.8) and the right one for aircraft accessories (hydraulic and electric systems, Fig.9) (Ganley, 1991, p. 5-6).

 Fig.8: Left side accesories of a 593-3B: fuel and oil pumps.

 Fig.9: Right side of the accessory section: the electric generator is visible.

High pressure compressor


Olympus’ N2 compressor is also of the axial-flow type, with seven stages. The sandwich construction of the rotor is very much the same as in the N1 compressor rotor. The first three stages of blades and vanes are made of titanium alloy, while the last four use Nimonic 90 (a nickel-cobalt alloy, Fig.10), which can sustain high compressor delivery temperatures. The N2 compressor casing is made of stainless steel (Jane’s, 1976, p. 708).


N1 compressor air used to cool the turbines flows inside the N2 compressor rotor, in the space between the N1 drive shaft and the N2 rotor itself. The air duct is isolated from the N2 compressor rotor to prevent heat transfer, as the N1 cooling air is not supposed to heat up before the turbines. The compressor drive shaft is attached at the aft end of the N2 compressor. This bottle-shaped driving shaft is about 4 feet long and 20 inches in diameter (Ganley, 1991, p. 6).

 Fig.10: Materials used in Olympus: in grey, titanium alloy; in black, Nimonic 90.


The N2 compressor was one of the component of Olympus which caused the greatest operational problems. As mentioned earlier, the designers tried to prevent heat transfer between the rotor and the N1 cooling air. They were almost too successful, as it caused an excessive heat inertia of the rotor bore. During engine start, the blades and the outer part of the rotor would heat up quickly, whereas the bore would remain cool. The opposite problem happened during shut-off, where the bore remained hot much longer than the blades. The rotor was made to resist heat, which it did successfully, but it was not prepared to resist high temperature gradients. Therefore, the stresses caused cracks in stages 6 and 7 of the N2 compressor in operation. The problem was overcome by shortening the concerned components life (Ganley, 1991, p.7).

Combustion chamber

The forward section of the combustion chamber houses the N2 compressor rear bearing. The chamber itself is made of heat resistant nickel alloy, and fuel is supplied through 16 vaporizing tubes featuring a fuel sprayer (Fig.11) (Ganley, 1991, p. 8).

 Fig.11: An Olympus 593 Mk.610 fuel vaporizer.


The Olympus 593 Mk.610 which powers series Concorde is the only version of the Olympus to feature an annular combustion chamber. The early cannular chamber was producing a particularly smokey exhaust, earning Concorde’s prototype the nickname ‘Smokey Joe’. The annular chamber installed on production versions has a virtually smoke-free exhaust and helped “Concorde give up smoking”, as British Aerospace pointed it (Baxter, 1990, p. 140).


Ignition is provided by a dual high-energy system. Starting is achieved by a SEMCA air turbine which sends air in the N2 compressor (Jane’s, 1976, p. 708).

Turbine stages

The airflow finally strikes the turbines, thus giving the turbine shafts the rotational energy needed to drive the compressor rotors. Both N1 and N2 turbines are of the single-stage axial-flow type. “The N2 turbine rotor and nozzle guide vane assemblies have vacuum cast cooled blades, the N1 turbine having solid vacuum cast stator and forged rotor blades” (Baxter, 1990, p. 139). All blades and vanes are cooled by N1 compressor air (Jane’s, 1976, p. 708).

 Fig.12: In the background, the N1 turbine and the afterburner of a 593-3B.


Maximum turbine inlet temperature (TIT) is 1,194 C (2,180 F) for take-off and 1,087 C (1,990 F) for cruise. These temperatures are relatively modest compared to today’s standards; but maximum TIT is largely dependant on the temperature of the cooling air available and on the blade cooling technology. The facts that Olympus’ cooling air is not less than 120 C, and that the blade cooling technology was less advanced at the time than it is today can explain these figures (Ganley, 1991, p. 8).

Afterburner

Although it was originally planned not to use afterburners on Concorde, it soon became obvious that the Olympus needed a power boost for take-off and  to break the sound barrier. The reheat system fitted on the Olympus 593 Mk.610 provides a thrust boost of 22% for take-off and 30% for transonic acceleration (Baxter, 1990, p. 153). The reheat system comprises a single-ring fuel sprayer, flameholders and jet pipe liners. Its fuel flow is programmed as a fraction of the main fuel flow, and it also takes into account the engine inlet temperature (Ganley, 1991, p. 4).

 Fig.13: Afterburner and primary exhaust nozzle assemblies.


Afterburners are activated during take-off, and then deactivated during subsonic climb. They are reactivated at transonic speeds, to break the sound barrier, and then cut off at Mach 1.7. Concorde does not need reheat for its Mach 2 cruise, unlike most other aircraft. Reheat was a daring innovation on a commercial aircraft at the time, and Concorde is the only afterburner-equipped airliner today. However, the Olympus’ reheat system proved to be very reliable, due to its extreme simplicity.

Primary and secondary exhaust nozzles


The primary exhaust nozzle is composed of a straight jet pipe and a convergent nozzle. The latter consists of multiple pneumatically-actuated ‘petals’, which can be moved into the exhaust stream and produce a convergent nozzle. It moves fast and precisely. When reheat is on, the nozzle is fully open and gives room for the hot exhaust gases. The variable nozzle allows an optimum control of TIT and N1 spool speed in any condition. Therefore, the ‘petals’ move constantly during the flight, to make small adjustments on N1 speed (Jane’s, 1976, p. 708).

 Fig.14: Secondary nozzle assembly.


The secondary nozzle assembly is more innovative, and was made necessary for supersonic operations. Its role is to maintain optimum engine efficiency in all flight regime, and to act as a thrust reverser during landing. It can be compared to two ‘buckets’ driven by an air motor, which can restrict the exhaust area.

(1) Take-off

(2) Supersonic cruise

(3) Thrust reverser

 Fig.15: Three secondary exhaust nozzle positions.


For take-off, they are slightly closed, and a gap allows “ambient air to break up the boundary to the jet efflux, making it less noisy” (Fig.15-1) (Orlebar, 1986, p. 22). As the aircraft gains speed, they open progressively. At supersonic speeds, they are in the open position, and their divergent shape act as an expansion chamber for the gases. Exhaust gases need to expand while at the same time keeping a greater velocity than the aircraft itself (Fig.15-2). On landing, the buckets close completely and act as classic mechanical blockage thrust reversers (Fig.15-3). The secondary nozzle is made to equip an engine nacelle (two engines at a time) for weight-saving considerations. The buckets are manufactured from Stresskin panels (Calvert, 1982, p. 55-56).

 Fig.16: The secondary nozzle in the real world, in cruise and take-off positions.

Fuel system


Olympus uses kerosene (Jet A). The engine fuel system has two fuel pumps. The first-stage fuel pump is mechanically driven, and supplies the fuel nozzles and the afterburner throughout the flight. The secondary-stage fuel pump is an air turbopump (i.e. air turbine driven), and it is shut down in cruise conditions when the pressure provided by the first-stage pump is sufficient. The production Mk.610 use a low-pressure fuel system instead of the high-pressure system that was installed on earlier 593 (fuel pressure is about half on new versions). This provides weight savings because the components are lighter. The fuel system also features a fuel-cooled oil cooler.


The main fuel flow is controlled by an Ultra supervisory Fuel Control Unit (FCU). The afterburner fuel is proportional to main fuel flow, and is controlled by an ELECMA electrical control unit (Jane’s, 1976, p. 708).


The fuel storage system is quite complex, and uses multiple tanks and transfer pumps. Fuel management is particularly interesting as the supersonic speeds cause the center of lift to drift back about 10 feet. To compensate for this, the center of gravity needs to be moved slightly aft in supersonic. The fuel tanks which were fitted in the tail and near the nose for this purpose carry one third of the total fuel, and provide a large momentum. However, Concorde still needs to have a relatively large amount of fuel in its tanks for the descent, because moving fuel is the only way to move the center of gravity forward (Science, 1992, p. 42).

Oil system

Olympus uses a dry lubrication systems, with a pressure pump and several scavenge pumps. Hot oil is cooled through a Serck fuel-cooled oil cooler. The five main bearings are provided with a squeeze film damper lubrication to reduce vibrations. A thermal insulation is provided to bearings 4 and 5 (Baxter, 1990, p.153).

Engine Control Unit (ECU) 


The ECU obviously plays a key role in such a complex engine. Along with the characteristics common to any airliner jet engine, the Olympus 593’s ECU has to regulate the variable inlet position, the afterburner and the two exhaust nozzles movements. The ECU installed on Concorde is analog and features two lanes for increased safety. If a lane fails, the system automatically switches on the other. In operation, each lane is used as the main controlling lane on alternate flights, so that the two lanes are used the same amount of time. This policy also allows each lane’s faults to be found as soon as possible, and prevents inadvertent flight with only one lane operative (Baxter, 1990, p. 139).


Explaining the ECU operation in detail would be extremely complicated and would not present a great interest. Therefore, the following diagram can give an overview of the control system design better than a written explanation would.

 Fig.17: ECU simplified block diagram.

Olympus 593 in operation

The Olympus 593 Mk.610 is very different from other airliners’ engines in that its production has remained extremely limited. Today, the Olympus fleet amounts to 67 engines, for the 14 Concorde aircraft in operation. Nevertheless, the Olympus has accumulated more supersonic time than all of the military engines in the western world combined. It has totaled more than 700,000 hours of operational experience, half of it in supersonic. During this time, no major failure has been encountered. The FAA gave Concorde the title of the ‘safest airliner ever’, and Olympus is probably responsible for a good part of this distinction (Rolls, 1994, p. 2).


In the following section, we are going to refer to a possible successor for Olympus, the Mid-Tandem Fan (MTF), being studied by Rolls-Royce and SNECMA. Its specifications are only indicative of what performances could be achieved today for a ‘reasonable’ SST --- what Concorde obviously is not.

Thrust

The Olympus 593 Mk.610 has a reheated take-off thrust of 38,050 lb (160,000 N). It is interesting to note that the Olympus Mk.101 of 1953 could only deliver 11,000 lb (46,250 N) thrust; this gives an idea of the engine’s evolution. At Mach 2, cruise thrust at 53,000 ft is 10,030 lb (42,175 N).


Rolls-Royce and SNECMA proposed further supersonic versions of Olympus. The 593 Mk.621 was an uprated Mk.610 developing 38,275 lb thrust at take-off. It was scheduled to equip production Concorde aircraft from the 41st onwards --- but only 16 production Concorde were built. A further uprated version was the Mk.631, which would have attained 41,360 lb thrust thanks to an extra N1 compressor stage (Baxter, 1990, p.165).

Dimensions








[image: image1.wmf]Length (flange-to-flange)

150 in

3.810 m

Length (intake flange to secondary nozzle)

279 in

7.080 m

Maximum diameter

49 in

1.219 m

Intake casing diameter

47.5 in

1.206 m

Dry weight (basic)

7,053 lb

3,202 kg

Dry weight (including primary nozzle)

7,465 lb

3,386 kg


 Fig.18: An Olympus 593 partialy lowered on its pit still dwarfs the two workers.

Compression ratio

The Olympus’ pressure ratio is 11.3:1, which is by no means impressive by today’s standards. The CF-6-6 turbofan, which is about as powerful as the Olympus 593, has a pressure ratio of 22.2:1. However, we need to keep in mind that Olympus operates in special conditions: during cruise, N1 compressor inlet pressure is 10 to 12 psia, and inlet temperature is 127 C. Therefore, compressor delivery is comparable in cruise conditions, as the table below points out (Ganley, 1991, p. 4).


[image: image2.wmf]N2 Compressor discharge conditions (take-off / cruise)

Temperature (Celsius)

Pressure (psia)

Olympus 593 Mk.610

475 / 567

225 / 142

Typical turbofan engine

602 / 451

440 / 120



It is also interesting to see that Olympus cruises at temperatures a turbofan will experience only during take-off. Therefore, the whole engine and nacelle will have time to reach high temperatures (at least 250 C), which means that every Olympus component will be affected by heat and temperature gradients, and thus much more severe stresses.

Fuel consumption

Fuel accounts for 50% of Concorde’s total weight (57,000 lb or 26,400 gal.), whereas payload is only 6%. As a turbojet, Olympus does not particularly shine in consumption during subsonic cruise. However, the thrust specific consumption (tsfc) at Mach 2 is about 1.2 lb/hr/lb. Here is a comparison table of the tsfc of various engines (Rotta & Smith, 1992, p. 4).
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N.B.: Turbofan seems advantageous on this graph, but consumption would be literally incredible during transonic acceleration.

Noise level

Here is of course the weakest point of Olympus, and the one which almost killed the Concorde program. Despite all the noise attenuating improvements (including the secondary nozzle take-off mode), Olympus noise level becomes excessively high. Four miles after Concorde’s take-off point, noise levels of about 115 dB are recorded on the ground. This is about the same as the Boeing 747, which is twice as heavy and also probably lower at this distance from the runway. Even on the ground, the pilots are not allowed to start more than two of the four engines at the gate, because this would affect ground crew (Aviation, 1971, p.82).

Conclusion

Olympus has met its primary objective: power an SST safely at Mach 2 over several thousand kilometers. As a Rolls-Royce engineer points out: “We got it nearly right since it works” (Ganley, 1991, p. 10)... The experience gathered by its conceptors, Rolls-Royce and SNECMA, on prolonged supersonic flight is huge. No doubt it will be of great help for the design of the future AST’s (Advanced Supersonic Transport) engine.


What will Olympus’ successor look like? Basically, it will not have Olympus’ three shortcomings: noise, pollution (oxides of nitrogen, NOx), and high fuel consumption. In a word: it will feature at the same time the advantages of the turbofan and turbojet concepts. Several designs are at work, among which the MTF (Fig.19), the Variable Pitch Fan and the Mixer Nozzle Ejector (MNE) Turbofan. All of these would be able to work either in turbofan mode during take-off, climb and descent, or in turbojet mode during cruise. The switch between the two positions would be done either by using variable air intakes for the fan, or variable pitch (or even telescopic) fan blades (Rotta et al., 1992, p. 2).


Olympus remains today the only civilian supersonic jet engine. Ironically, its original design is 45 years old, and it was developed at a time when computer assistance was very limited. No doubt there is a huge place for innovation in the field of civilian supersonic powerplant, as no economic and ecologically-satisfying engine has yet been built for such applications.

 Fig.19: The Mid Tandem Fan concept.
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