LECTURE 2.2

THEME 2.2: ENGINE CONTROLS
2.2.1. OPERATION OF ENGINE CONTROL AND FUEL METERING SYSTEMS
2.2.1.1.Turbine Engine Fuel System

The Fuel Distribution system supplies ice-free filtered fuel at the pressure and flow rates necessary to meet all engine operating requirements. The fuel distribution system permits fuel to flow from the aircraft fuel tank through the engine fuel pump to the fuel metering unit. The fuel control unit then supplies metered fuel to the fuel injectors for combustion. Fuel not sent to the fuel control unit goes to the servo fuel heater to supply servo fuel pressure for engine component actuation.

Figure shows a general fuel system used on modern engines. 
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Figure : Engine Fuel System Schematic

Fuel System Description

The fuel is delivered from the aircraft fuel tank by submerged boost pumps (not shown). It flows through the engine shutoff valve into the main multi stage fuel pump. It flows first through a low-pressure centrifugal primary-stage pump, and then through an fuel-oil heat exchanger. The fuel pump is attached to. and driven from the gearbox.

The fuel temperature is maintained high enough by hot oil flowing through the air-fuel heat exchanger to prevent the formation of ice crystals A built-in spring-loaded bypass valve in the heat exchanger will open and allow fuel to flow around the core if the core should, for any reason, become clogged (not shown).

The fuel flows from the heat exchanger through the filter. If the filter should become partially clogged with particles of ice or dirt, a pressure-differential switch across the filter element will close and turn on a warning light on the instrument panel. If the filter element should clog completely, the fuel will flow around it through a built-in filter-bypass valve.

From the filter, the fuel flows through the high-pressure stage of the pump, and then into the fuel control unit. The fuel control unit is mounted on the engine and contains pressure and temperature sensors, valves and servo valves, and a N2 over speed protection system. The most important valve is the fuel metering valve which controls the amount of fuel to be delivered to the nozzles. On modern fuel systems, valves are often controlled by servo valves. Servo valves are triggered by a electronic engine controller (EEC) and use muscle- or servo pressure (fuel) to actuate their associated valve.

From the fuel control, the fuel passes through the fuel flow transmitter. The fuel flow parameter is used by the electronic engine controller (EEC) as a feedback signal, and is also used for indication. The fuel distribution to the different nozzles via the burner staging valve (BSV), depends on the engines actual rpm and is controlled also from the electronic engine controller. During starting, as an example, not all nozzles are supplied with fuel. Whereas during engine full thrust all nozzles are supplied with fuel.

Liquid fuel will not burn, and in order for it to release its energy, it must be vaporized so it will mix with air to form a combustible mixture. There are two types of nozzles used to discharge the fuel: the widely used atomizing nozzles and the more seldom used vaporizing nozzle.

Fuel Control Unit

There are many variations of fuel controls used on gas turbine engines, but they can be divided into two basic groups: hydromechanical and electronic. Most of the basic controls are of the hydromechanical type, with some sensing more engine parameters than others. The large airliners and many of the high-performance military aircraft use electronic controls because of their ability to sense more parameters and accomplish more control functions than is possible with a hydromechanical control.

Turbine engine fuel controls are extremely complicated devices. The hydromechanical types contain many components such as speed governors, servo systems, three-dimensional cams, sleeve and pilot valves, feedback or follow-up devices, and metering systems. Electronic fuel controls are a maze of printed circuit boards, thermocouples, amplifiers, relays, electrical servo systems, switches, and solenoids.

The purpose of the fuel control is to maintain a correct combustion zone air-to-fuel mixture ratio of 15:1 by weight. This ratio represents weight of combustor primary air to weight of fuel. Sometimes this is expressed as a fuel-air ratio of 0.067:1. All fuels require a certain proportion of air for complete burning, but at rich or lean mixtures the fuel will burn but not completely. The ideal proportion for air and jet fuels is 15:1, and it is called the stoichometric (chemically correct) mixture.

Quite often one can see the air-fuel ratio expressed as 60:1. When this occurs, the writer is expressing the air-fuel ratio in terms of the total airflow rather than of primary combustor airflow. If primary airflow is approximately 25% of total airflow, then 15:1 is 25% of 60:1. A gas turbine engine will experience a rich to lean mixture of about 10:1 during acceleration and 22:1 during deceleration. If the engine is using 25% of its total airflow in the combustion zone, the mixture, when expressed in terms of total airflow, will be 48:1 on acceleration and 80:1 on deceleration.

When the pilot moves the fuel control power lever forward, fuel flow is increased. This increase in fuel flow creates increased gas expansion in the combustor which in turn raises the level of power in the engine. For the turbojet and turbofan, that means a thrust increase. For the turboprop and turboshaft, it means an increase in power to the output drive shaft. This could mean a speed increase at a given propeller load or a stabilized speed at an increasing blade angle and load.

As an engine ages, the air-fuel ratio of 15:1 will change as compression tends to deteriorate with increasing engine service time. But the engine needs its rated compressor pressure ratio (Cr) to remain efficient and stall free. When Cr starts to decrease due to engine aging, contamination, or damage, more power lever, fuel flow and compressor speed will be required to bring Cr back to normal. Thus a richer mixture results for a given Cr. Later, maintenance personnel may be required to take appropriate action to clean, repair, or replace the compressor or turbine.

On a single compressor engine the fuel control is driven directly by the accessory gearbox and indirectly from the compressor. On the dual and triple spool engines, the fuel control is normally driven by the high pressure compressor.

Many signals are sent to the fuel control for the automatic control of the air-fuel ratio. A list of the most common signals are as follows:

· Thrust Lever Angle (TLA) -This is the input by the pilot that specifies the amount of power or thrust desired.

· Compressor Inlet Total Temperature (Tt 2) -This relates to the density of the air entering the engine.

· Compressor RPM (N1 or N2) -This is important for controlling the fuel for steady-state operation and for limiting the rate of acceleration and deceleration.

· Burner Pressure (Pp) -This relates to the weight of the air flowing through the engine.

· Turbine Inlet Temperature (TIT) -This is the most critical temperature in a gas turbine engine and is normally the factor that limits the amount of thrust an engine can produce.
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Figure : Mechanical Fuel Control Unit attached to its Fuel Pump
Electro-Hydromechanical Fuel Control

Fuel control with electronic functions have not been as widely used as the hydro​mechanical or hydro-pneumatic control, although in recent years the electro-hy-dromechanical control has been incorporated on several newer engines designed for use in both commercial-and business-sized aircraft. The electro-hydromechan-ical unit is actually a basic hydromechanical control with the addition of an electronic sensor circuit. The electronic circuitry is powered by the electronic engine controller and operates by analysing engine operating parameters such as exhaust temperatures, gas path pressure, and engine RPM etc. 
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Figure: Electronic Hydro Mechanical Fuel Control Unit
2.2.1.2. Turbine Engine Fuel Control

Description
A turbine engine fuel control is designed to sense a number of parameters and integrate them to meter the fuel to the burners for any set of conditions, so that the engine will produce the desired power or thrust while ensuring that the parameters are not exceeding its allowable limits.

The fuel control meters fuel to the burners only when the airflow through the engine is adequate and other conditions are right. The basic parameters that are sensed by a typical fuel control are:

Thrust Lever Angle (TLA) -This is the input by the pilot that specifies the amount of power or thrust desired.

Compressor Inlet Total Temperature (Tt 2) -This relates to the density of the air entering the engine.

Compressor RPM (N1 or N2) -This is important for controlling the fuel for steady-state operation and for limiting the rate of acceleration and deceleration.

Burner Pressure (Pp) -This relates to the weight of the air flowing through the engine.

Turbine Inlet Temperature (TIT) -This is the most critical temperature in a gas turbine engine and is normally the factor that limits the amount of thrust an engine can produce.

Fuel controls for many turbojet and turbofan engines vary the thrust by controlling rotor RPM. On some turbojets, thrust and TIT are allowed to vary inversely with compressor inlet temperature. As the inlet air temperature rises and the air becomes less dense, the compressor load decreases and the RPM increases. The fuel control sends less fuel to the burners, and the thrust and the TIT decrease.

On cold days when the inlet air is dense, the compressor load is high, and additional fuel is metered to bring the compressor up to the desired speed. This increases the thrust and TIT.

The fuel controls used on modern axial-flow engines sense the compressor inlet pressure and the burner pressure and protect the engine from excessive internal pressures, particularly during takeoff on a cold day at low altitude. At the same time they allow the engine to produce as much thrust as possible on hot days by maintaining the TIT at a constant value and by allowing the RPM to vary.

As long as the throttle remains in a certain position, the fuel control will vary fuel flow as compressor inlet conditions change, and the approximate percentage of full engine thrust requested by the pilot will be maintained. The TIT for any given increment of thrust will remain approximately constant.

Maximum thermal efficiency and thrust are obtained when the TIT is held close to its allowable limit. This is done by calculating the TIT that will be produced under various conditions. The fuel control is programmed to vary the fuel flow according to a predetermined schedule that ensures the engine will always operate within safe temperature limits. This complex scheduling is done in most hydromechanical fuel controls by a three-dimensional cam in the fuel control computer.

Combustion temperature varies directly with the fuel flow. When the fuel flow increases, the temperature of the air leaving the burners increases and this increases the pressure acting on both the turbine and the compressor. This gives the turbine additional heat and pressure energy, but at the same time, back pressure acts on the compressor. The compressor accelerates inspite of this back pressure, and the increased compressor speed forces additional air through the engine, and as a result, the thrust increases. Reducing the fuel flow lowers the combustion temperature and decreases the thrust.

The fuel control automatically changes the fuel flow as compressor inlet conditions change. The fuel flow decreases when the compressor inlet pressure decreases as altitude is gained, and it increases during descent.

To accelerate the engine, energy must be supplied to the turbine in excess of that needed to maintain a constant RPM. However, if the fuel flow is increased too rapidly, an overly rich mixture may result, which will cause excessive TIT or produce a compressor surge. Surge is a condition of unstable airflow through the compressor in which the compressor blades have an excessive angle of attack. The susceptibility to surge increases with the low density of high altitude. At certain compressor speeds and inlet air temperatures, care must be taken not to meter fuel into the engine too rapidly, as it can produce a high burner pressure before the RPM and airflow can increase proportionately. If the burner pressure increases too rapidly, the flow of air through the compressor will slow down, the angle of attack of the compressor blades will increase and the blades will stall, causing the engine to surge. To avoid this, the fuel control must limit acceleration fuel flow.

The fire may even go out because of a condition known as a rich blowout. It is also possible to reduce the fuel flow at a rate faster than the compressor can reduce the airflow to the burners. If the fuel flow is reduced too quickly during deceleration, the engine may experience a lean die-out. The fuel control must supply the correct amount of fuel to maintain a fuel-air ratio that will prevent the engine from flaming out during either acceleration or deceleration.
Electronic Engine Control Systems

Advances in gas turbine technology have demanded more precise control of engine parameters than can be provided by hydromechanical fuel controls alone. These demands are met by electronic engine controls, or EEC, of which there are two types, supervisory and full-authority.

Supervisory Electronic Engine Control

The first type of EEC is a supervisory control that works with a proven hydromechanical fuel control.

The major components in the supervisory control system include the electronic control itself, the hydromechanical fuel control on the engine and the bleed air and variable stator vane control. The hydromechanical element controls the basic operation of the engine including starting, acceleration, deceleration, and shutdown. High-pressure rotor speed (N2), compressor stator vane angles, and engine bleed system are also controlled hydro mechanically. The EEC, acting in a supervisory capacity, modulates the engine fuel flow to maintain the designated thrust. The pilot simply moves the throttle lever to a desired thrust setting position, such as full takeoff thrust, or maximum climb. The control adjusts the engines RPM as required to maintain the thrust rating, compensating for changes in flight and environmental conditions. The control also limits engine operating speed and temperature, ensuring safe operation throughout the flight envelope.

If a problem develops, control automatically reverts to the hydromechanical system, with no discontinuity in thrust. A warning signal is displayed in the cockpit, but no immediate action is required by the pilot. The pilot can also revert to the hydromechanical control at any time.
Full-Authority Digital Engine Control (FADEC)

The supervisory control was a step toward the full-authority, fully redundant EEC. It controls all engine functions and eliminates the need for the backup hydromechanical control used in the supervisory system. The modern full-authority EEC is a digital electronic device called a full-authority digital engine controller, or FADEC.

One of the basic purposes of the FADEC is to reduce flight crew workload. This is achieved by the FADECs control logic, which simplifies power settings for all engine operating conditions. The throttle position is used to achieve consistent engine settings regardless of flight or en​vironmental conditions.

The FADEC establishes engine power through direct closed-loop control of the engine pressure ratio (EPR), which is the thrust-rating parameter. The required EPR is calculated as a function of throttle lever angle, altitude, mach number, and total air temperature. The air data computer supplies altitude, mach number, and total air temperature information, and sensors provide measurements of engine tem​peratures, pressures, and speeds. This data is used to provide automatic thrust control, engine limit protection, transient control and engine starting.
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The FADEC has many advantages over both the hydromechanical and supervisory EEC. Some of these are:

· Requires no engine trimming

· Ensures improved engine starts

· Provides a constant idle speed with changes in atmospheric conditions and changing service bleed air requirements

· Saves fuel by providing improved engine bleed air management

· Fully modulates the clearance control system in place of the more conventional stepped modulating system

· Ensures more repeatable engine transients due to the higher precision of its digital computer

· Provides engine limit protection by automatically limiting critical engine pressures and speeds

· closed-loop control. A type of control in which part of the output is fed back to the input.

The FADEC has dual electronic channels, each with its own processor, power supply, program memory, selected input sensors, and output actuators. Power to each electronic control channel is provided by a dedicated, engine-gearbox-driven alternator. This redundancy provides high operational reliability. No single electronic malfunction will cause an engine operational problem Each control channel incorporates fault identification, isolation and accommodation logic.

While electronic controls are highly reliable, malfunctions can occur. A hierarchy of fault-tolerance logic will take care of any single or multiple faults. The logic also identifies the controlling channel, and if computational capability is lost in the primary channel, the FADEC automatically switches to the secondary channel. If a sensor is lost in the primary channel, the secondary channel will supply the information. If data from the secondary channel is lost, the FADEC will produce usable synthesized information from the parameters that are available.

The FADEC includes extensive self-test routines, which are continuously actuated. BITE, or built-in test equipment, can detect and isolate faults within the EEC and its input and output devices, The fault words of the control are decoded into english messages by a maintenance monitor, and they identify the faulty line-replaceable unit (LRU) In-flight fault data is recorded so it can be recalled during shop repair. The FADEC is able to isolate problems and indicate whether the fault is within itself or in a sensor or actuator. In the shop, computer-aided troubleshooting can identify a fault at the circuit-board level.
Fuel Control Adjustments

The EGT, and thus the thrust, produced by some of the first turbojet engines was adjusted by varying the area of the exhaust nozzle. This was done by trimming the end of the tail pipe to increase the nozzle area or installing small metal tabs called "mice" to decrease it. The adjustment of the engine conditions is still called trimming, even though these procedures are no longer followed.

There is not much maintenance an aviation maintenance technician can perform on the fuel control of a gas turbine engine other than removing and replacing the units and making the adjustments the manufacturer specifies.

There are no adjustments to be made to an EEC, as the control automatically adjusts for any performance deterioration The adjustments allowed for a hydromechanical fuel control are normally the specific gravity adjustment for the fuel, idle RPM, and full throttle RPM.

The procedure for making these adjustments is outlined in the engine service manual. The latest information and procedures must be followed in detail.
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Figure: Engine Controlling Overview
2.2.2. ENGINE INSTRUMENTS
2.2.2.1. Introduction

Aircrafts with conventional panels with typical gauge displays and the newer "glass cockpit" with cathode ray tubes (CRT), flat panels (TFT) and light emitting diode display (LED) are present.

Both produce essentially the same information to the pilot. The newer cockpits, however, are capable of displaying a greater amount of fault isolation information about the instrument package and the engine.

Engine instruments in the cockpit can be divided in following different categories:

Power / Performance

· Fan Speed N1 Core Speed N2

· Exhaust Gas Temperature EGT

· Engine Pressure Ratio EPR

· Engine Torque (propeller driving engines)

Fuel

· Flow

· Temperature 

Oil

· Quantity Pressure Temperature

Condition

· Engine Vibration

In some cases the power related indication is categorized as primary engine display, all other indications are categorized as secondary displays.
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Figure: Conventional Cockpit with Engine Instruments
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Figure: Glass Cockpit
2.2.2.2. Conventional Instruments
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Figure: Center Instrument Panel (MD-80, Boeing-737-200)

EPR Indicators

· Indicate the ratio of turbine discharge Pt7 to inlet pressure Pt2 as a measure of engine thrust output.

N1 RPM Indicators

· Indicate low pressure compressor speed in % RPM. 

EGT Indicators

· Indicate average temperature aft of turbine in °C. 

N2 RPM Indicators

· Indicate high pressure compressor speed in % RPM

Fuel Flow Indicators

· Dial indicate fuel flow in Kg/hr. Digital counter indicate fuel used in Kg

· Fuel-Used Reset Switch: Resets fuel-used digital counters to zero.

Fuel Temperature Indicator

· Indicate fuel temperature downstream of fuel heater.

Oil Pressure Indicators

· Indicate distribution line lubrication oil pressure in psi.

Oil Temperature Indicators

· Indicates oil temperature at outlet of oil cooler in °C.

Oil Quantity Indicators

· Indicate quantity of useable engine lubricating oil in quarts
2.2.2.3. Flat Panel Displays

Flat panel displays replaces the old electromechanical indicators previously used. These flat panel displays include:

· Electronic Engine Display Panel

· Electronic Systems Display Panel

These displays accepts existing signals from the aircraft sensors and displays the information in digital and analog format. The parameters to be displayed are:
	 Engine Display Panel
	System Display Panel

	Reverse Thrust Annunciators
	Ram Air Temperature

	Reverse Unlock Annunciators
	Fuel Temperature

	EPR Limit
	Oil Pressure

	N1 Tach
	Oil Temperature

	EGT
	Oil Quantity

	N2 Tach
	Hydraulic Pressure

	Fuel Flow
	Hydraulic Quantity

	Fuel Used
	Flap Position

	
	Slat Annunciators


The display technology for the panels are Light Emitting Diode (LED) displays. Excellent brightness control characteristics an that no colour change occurs with changes in brightness and dimming is achievable down to very low brightness levels.

Solid state technology (no mechanical components) gives a much higher system reliability.
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Figure : Engine Display and System Display Panel (MD-80, Boeing -737-300/400/500)
2.2.2.3. Electronic Displays

Today most cockpits are equipped with Electronic Instrument System (EIS). Cathode Ray Tubes (CRT) or transistorized Thin Film Technology (TFT) displays re​placing previous displays.

Engine/Warning Display E/WD

Engine primary parameter are permanently shown 

· N1 Display analog and numeric 

· EGT Display analog and numeric

· N2 Display numeric Normal: green. Above limit: red. Sensor fail: amber 

· Fuel Flow Display numeric, (Kg. per hour)

· Thrust Limit Mode (CLimb mode selected) used to calculate rate limit 

· N1 or EPR Rating Limit (Maximum allowable engine thrust.) 

Warnings

· Text in amber or red (About 40 different engine related warnings are possible)
System Display

Secondary parameter shown if ENG system page key on ECAM panel is pushed. 
· Fuel Used   Numeric accumulated fuel flow. (Kg.) Resets to zero at engine starting on ground. 

· Oil Quantity Display Normally green. Low quantity pulsing display 

· Oil Pressure Display Normally green. Out of limit pulsing display. Low pressure red display. 

· Oil Temperature Display numeric green

· Nacelle Temperature Display green if temperature is above 240°C 

· N1 and N2 Vibration Display numeric green. Pulsing if limit exceeded. 

· Oil Filter Clog Warning excessive pressure across oil filter 

· Fuel Filter Clog Warning excessive pressure across oil filter.
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Figure : Electronic Displays (A320)
2.2.3. AUTO THROTTLE/THRUST

2.2.3.1. Introduction

The auto throttle system (ATS) controls the power setting of the engines to reach and maintain a preselected speed or thrust limit. A servo moves the thrust levers or an electronic signal commands the engine power via the engine control unit.

The ATS operates in the following modes:

IAS HOLD Provides control of throttles to hold the current airspeed.

IAS SELECT Provides control of throttles to capture and hold the selected reference airspeed.

MACH HOLD Provides control of throttles to hold the current MACH number.

MACH SELECT Provides control of throttles to capture and hold the selected reference MACH number.

THRUST LIMIT/TARGET Provides control of throttles to capture and hold thrust at the thrust limit/target.

RETARD Provides control of throttles to reduce thrust at the appropriate radio altitude during the landing flare mode.

CLAMP Inhibits ATS control during takeoff at approximately 80 knots without causing disengagement of the ATS. Full manual throttle is available during this mode.

Engine Thrust Trim

The engine thrust trim system is available during both, manual and automatic throttle operation. It is engaged any time, when two or more engines are operating above an EPR/N1 threshold. The engine thrust trim system will maintain the engines at a common thrust setting to eliminate the need for throttle adjustments. Automatic engine trim is independent of air/ground operations.
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Figure: Auto Throttle Principle
Auto Throttle MD-11

A single or duplex throttle system is used to provide a drive to the aircraft throttle quadrant. The motor drives via the thrust control slip clutch to move all thrust control (throttle) levers. Manually operation of the throttle levers is any time possible. The throttle-position is transmitted as thrust demand to the Full Authority Digital Engine Control (FADEC) to the engines.
Pressing the auto throttle disconnect switches disconnects the auto throttle function.

Pressing the Go-around switch will:

• Aircraft on ground: Throttles will move to maximum thrust limit if they are manually moved over a certain limit.

• Aircraft in flight land-approach: the levers moves forward to reach GA thrust.
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 Figure : Throttles with GA and Disconnect switches          Figure: Throttle Module

Auto Thrust A320 A330 A340 A380 
Thrust Control

Thrust control is provided by the Electronic Engine Control dedicated to each engine. Thrust selection is achieved by means of the thrust levers when in manual mode or automatic mode. Thrust rating limit is provided by the Auto Flight System according to the thrust lever position both for manual and automatic thrust control.

Thrust Levers

The thrust levers can only be moved manually. They move over a sector which is divided into 4 operating segments. There are 5 positions defined by detents or stops. Thrust lever position is transmitted to the Electronic Engine Control which displays the position of the Thrust Lever Angle (TLA) as the commanded (predicted) N1.
[image: image19.png]to

FLX

go arcund r
Maximum Take-Off to
T T ca P
Maximum Continuous
Flexible Take-Off FLX
———————— b U
Maximum Climb
———————— > L
A
/
T
H
R
ooty o
ReverseIdie | (3
Maximum Reverse |
Full

Full





Figure: Thrust Levers
Thrust Limit

The maximum allowable engine thrust is a function of:

• Selected Flight mode like:

Take off

Take-off flexible for a derated take off Go around

Maximum continuous thrust Climb thrust Cruise thrust

• Ambient condition like:

Ram air temperature RAT or TAT

Airspeed CAS

Altitude

• Bleed-air demand from engine for:

Anti ice and airconditioning.

The thrust limit is shown as EPR-Limit or N-, Limit depending of the engine model. The limit is shown at a dedicated indicator: Thrust rating indicator, EPR indicator.

The auto throttle servo controls the engine thrust to the limit.

The assumed temperature is used for a derated take off thrust limit computation. This temperature is assumed to be higher than the actual outside air temperature. TAT = Total Air Temperature, RAT = Ram Air Temperature. TO-Flexible is used for noise abatement, environment and engine protection.
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Figure 86: Thrust Rating Computation
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Figure : MD 80 Thrust Rating

Thrust Rate Limit Computation

Thrust rating limit is computed according to the thrust lever position. If the thrust lever is set in a detent the Electronic Engine Control will select the rating limit corresponding to this detent.

Thrust lever computation. Thrust selection is achieved according thrust lever position. In manual thrust mode the selected thrust is applied as the fuel flow demand.

The limit computation is computing the engine thrust limit according ambient tem​perature, airspeed, altitude thrust lever position and bleed air demand.

The thrust limitation is limiting the thrust to the limit or target trust.

When auto thrust is engaged the target thrust from flight management system is lower than the limit thrust computed in the electronic engine control. So the flight is more economical
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Figure : Thrust Control (Airbus)
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