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The role of the FAA's National Simulator Program (NSP) staff toward overall aviation safety is to provide the mechanisms that help ensure that proper and complete aircraft flight simulators are available for flight crewmember training, testing, and checking.  For these simulators to be the most effective, they must incorporate information that is based on accurate, aircraft flight test data, or other aircraft related data, to the largest extent possible.  Usually, when US certificate holders seek to purchase aircraft flight simulators, they find that the simulator manufacturer will provide a list of typical malfunctions that may be incorporated into modern aircraft flight simulators, some of which are related to malfunctions of the propulsion systems.  

Over recent years, even a casual observer of aviation operations could discern that a number of the accidents and incidents occurring involved, at least to some degree, a flight crewmember response to an engine or propulsion system problem.  Since simulation provides a large part of flight crewmember training, the NSP staff has recently participated in an industry/government effort to identify and understand propulsion system (engine) malfunctions and the responses taken by crewmembers (sometimes appropriate responses and sometimes inappropriate responses) to help provide information flow in all directions.  The working group that was formed to look into this phenomena was referred to as the Propulsion System Malfunction Plus Inappropriate Crew Response (PSM+ICR) international working group.  This working group has completed its initial efforts and has published a report, including a list of recommendations.  A copy of this report may be found on the Internet.  From the FAA Home page (www.faa.gov) you can select "Regulation and Certification (AVR)" and once loaded, you can select "Aircraft Certification (AIR)."  When this page is loaded, you will be able to see an "Available Documents" section on the left hand side of the page.  Use the scroll tool to scroll down to the report titled "Industry Report - Propulsion System Malfunctions Including Inappropriate Crew Response."  Double click on that title and follow the directions.

In an effort to help disseminate as much information as possible regarding propulsion system malfunctions, commonly referred to as engine malfunctions or failures, we have provided, below, a list of typical propulsion system malfunctions that a simulator manufacturer might offer in their product line.  With that list is a short description of what each malfunction is supposed to look like, according to the simulator manufacturer.  Along with each malfunction in the list, we have presented the opinions of some of the larger engine manufacturers on each malfunction, including what the flight crewmember might see, hear, or feel if an actual malfunction were to occur on his/her aircraft.  

Our motivation is to provide this information to as wide an audience of simulator manufacturer and simulator user interests as possible.  The short term benefit of this information would be to provide the opportunity to have simulator manufacturers and users understand more completely about engine malfunction scenarios from the engine manufacturer point of view and what might be included in a typical training, testing, and/or checking syllabus.  We believe this information may go some distance to help ensure that flight crewmembers are prepared to properly recognize and properly respond to engine malfunctions if experienced during actual flight operations.

Turbo-Jet Powered Aircraft:

1. 
Engine Flameout - Fuel flow drops to minimum / engine RPM winds down normally.

There have been several accidents/incidents involving flameout or rollback of one engine, or other thrust asymmetry, which went undetected by the crew for some substantial time.  The resulting thrust asymmetry has led to departure from controlled flight.  It would be advisable to familiarize the flight crews with the potential for such an event and the criticality of coordinating the recovery action with existing autopilot or autothrottle inputs so as to maintain control of the aircraft.  Engine flameout frequency is on the order of 1E‑5/aircraft departure.  Approximately half of the flameouts occur at descent power; only 10% of the flameouts occur at high power settings (takeoff and climb).

2. 
All Engines Flameout - Engines flame-out in random order / fuel flow drops to zero / engine RPM winds down normally.

There have been between 50 and 60 events of all-engine flameout in flight in the commercial transport turbojet fleet through the end of 1997.  This event requires immediate and appropriate crew response if the engines are to be restarted.  The incidence of all engine flameout varies between 1E‑6 and 1E‑7/airplane departure, and the great majority of events occur during cruise or descent power.  Engine parameters for flameout may be considered similar but airframe effects are very significant (power transfers, etc.) and should be obtained from airframe manufacturers.  Engine starting at high altitude typically is much slower than ground starting, care should be taken to ensure that this is correctly simulated.

3. 
Engine Seizure - N1 decreases rapidly to zero / N2 stabilizes below idle RPM.

Engine seizure in flight is an extremely rare event for high bypass engines.  One manufacturer has had one engine seize in flight in over 280 million hours.  Aerodynamic forces are generally sufficient to keep the fan turning until airspeed drops well below normal flight speeds.  In the one case where an in-flight engine seizure was experienced, the flight crew observed a very small increase in drag and thrust asymmetry, after a protracted bearing failure progression during which the engine had been shut down.  No special or immediate action was required by the flight crew.  There is no record of a flight crew experiencing difficulty in handling an engine seizure.  The engine manufacturers belief is that special training is unnecessary and that this malfunction should be removed from the list.

4. 
Engine Stall / Surge - Engine surges / N1 and N2 fluctuate randomly with associated stall noise.

There have been many instances of engine stall during the takeoff roll which have prompted the flight crew to reject the takeoff above V1.  Statistical analysis suggests that the sound of an engine stall and the accompanying yaw, together with the associated vibration and the typical flight deck warnings (EGT limit or fire warning) are relatively likely to lead to a rejected takeoff above V1.  Some of these events have led to loss of the aircraft.  It is therefore considered very important to simulate engine stall prior to V1, between V1 and VR, and after VR – and to do so in a realistic manner.  The frequency of engine stall in the critical portion of the takeoff (100 knots to 50 feet above the ground) is approximately three per million departures; approximately 20% of engine stalls occur during takeoff.  Currently, the only available data is that captured on Digital Flight Data Recorders (DFDR) and there is no good acoustic signature for a high power stall.  

[See further discussion on this malfunction below]

5. 
Engine Runaway - Fuel flow goes to maximum stop.

Engine runaway need not be trained separately from the engine being unresponsive to throttle movement.  The incidence of engine overspeed (higher than commanded speed) is historically 1E‑5/airplane departure, but very few of these events correspond to an engine runaway involving significant thrust increase or concern over engine integrity.  We understand that the AIA is currently addressing the potential for overspeed and accompanying aircraft controllability issues during a critical phase of flight, as a result of a recent accident.

6. 
Engine Separation - Engine indications reflect loss of signal / systems (hydraulic, electric, pneumatic, etc.) behave appropriately / flight dynamics reflect loss of mass and loss of thrust.

Engine separation is extremely rare.  One engine manufacturer has experienced only one in-flight engine separation in its history and inappropriate crew response was not a factor in the outcome.  No events with engine separation as the failure mode were reviewed by the PSM-ICR working group.  It is not clear that simulation of this failure mode would assist the flight crew since crews appear to be reacting appropriately to engine separation in the rare case where this occurs.

7. 
Engine Severe Damage - N1 and N2 fall rapidly to zero / fuel flow and EGT initially rise / fuel flow falls to zero / EGT decays (indication of flame-out) / Drag effect if airborne / motion vibration during seizure.

Engine severe damage occurs more frequently than many of the malfunctions proposed.  Engine fire does require immediate action by the flight crew, and there have been instances of inappropriate crew action (shutting down the wrong engine).  It is therefore appropriate to continue training this even in the simulator.  Here, again, the only data available is that recorded on DFDR's.

8. 
Engine Vibration - Turbine failure gives high vibration.

Engine vibration is more typical of fan unbalance than of turbine failure in the majority of turbofans.  The fan unbalance is generally the result of Foreign Object ingestion (birds, ice, etc.) and may involve sufficient tactile vibration to cause concern on the flight deck. Vibration signatures for a severe birdstrike are, again, only available on DFDR recordings.  Estimated frequency of occurrence is approximately three per million aircraft departures.

9. 
Engine Thrust Reverser Deployment (Inadvertent) - “REV” annunciation displayed with reverse thrust not intentionally selected and corresponding aerodynamic effects due to actual reverse thrust.

Inadvertent thrust reverser deployment is rare, but the consequences can be very serious.  Rapid action would be required to maintain control of the aircraft.  No symptomology of this event exists except that in the single, known event, the crew reported cockpit vibration.

10. 
Power Lever Failure - Failure of the power lever or servo.

Power lever failure is considered a special case of the engine being unresponsive to the throttle.  This event might be logically combined with malfunction #5 (Engine Runaway); as in both cases the flight crew must detect a discrepancy between commanded power and actual power, and stabilize the flight path accordingly.  While several events examined by the PSM+ICR working group could be described as "power lever failures," it is not clear that the response to these events could have been improved by more or better simualtor training.  The fundamental issue appeared to be lack of awareness by the flight crew that the engine power was other than desired.

11. 
Engine Idle Disagree - Engine idle speed incorrect for phase of flight.

There is not special or immediate action required for an Engine Idle Disagree condition.  This condition, if unrecognized, can progress to flameout; however none of the accidents or incidents reviewed by the PSM+ICR working group involved an incorrect idle speed, and no special training would likely be necessary.  This malfunction should be removed from the list.

12. 
Engine Low Oil Pressure - Engine oil supply pump fails.

There is no special or immediate action required for an Engine Low Oil Pressure indication.  In the event of an oil system failure, pilot action will reduce the economic damage to the engine, but the speed and correctness of pilot action is not critical to the safety of the airplane.  None of the accidents or incidents reviewed by the PSM+ICR working group involved an oil pressure indication, and no special training is considered to be necessary.  This ;malfunction should be removed from the list.

13. 
Hot Start (Hi Fuel Flow) - Fuel flow higher than normal causing EGT rise at faster rate than normal; 

and

14. 
Hung Start (Low Fuel Flow) - Lower than normal fuel flow causes N2 to accelerate slower than normal and “hang up” below starter cut-out speed.
Although a hot or hung start may occur relatively frequently (the symptoms of slow acceleration accompained by rapid EGT rise are effectively the same from the flight deck), there is no accident or incident data to suggest they represent a safety issue which needs simulator training.  The airlines may wish to continue such training to reduce the potential for economic damage to engines, but there is no reason to mandate such training from a safety standpoint.

Note.  Tailpipe fires during ground taxi operation have led to a number of injuries during emergency evacuation, and frequently receive an inappropriate response by flight crew members.  Consideration should be given to adding tailpipe fires to the list of simulated malfunctions to be trained.  No special simulator programming would necessarily be required.  Since the PSM+ICR working group specifically excluded evacuation injuries from consideration, these events were not apparent during the review of the data.

Additional Discussion on the Simulation of Turbofan Compressor Stalls – 
The audible reproduction in the cockpit of a surge should be very loud.  Some have described the sound as a "Twelve gage shotgun at Ten feet;" but, of course, sounds of this magnitude might be difficult to achieve and might cause problems both with the sound generating equipment and the occupants of the simulator.  However, the description should not be lost.  

For a Surge that recovers after just one "Bang" – Typically, after the pilot hears the "bang" he/she might notice the engine instruments fluctuate - but often this fluctuation is so fast that unless the pilot was looking, it might not be noticed.  During the surge event the engine pressure ration (EPR) can drop from takeoff setting (e.g., 1.75 or 1.80) to 1.05 in 0.2 seconds.  EPR can then vary from 1.1 to 1.05 every 0.2 seconds for no more than two or three times.  The low rotor speed (N1) can drop 16% in the first 0.2 seconds than another 15% in the next 0.3 seconds.  After recovery, EPR and N1 should return to pre-surge values along the normal acceleration schedule for the engine.

For a Surge that recovers after two or three "Bangs" – Here, each bang is separated by a couple of seconds.  Assuming each bang represents a surge event as described above then simulate the above for two seconds; return the engine (along the acceleration schedule) to 98% of the pre-surge power setting for a few seconds; then repeat for two or three times.  During the surge and recovery process there should be some EGT rise.  EPR can fluctuate between 1.6 and 1.3, Exhaust Gas Temperature (EGT) can rise 5 degrees Celsius each second.  N1 can fluctuate between 103% and 95% and fuel flow drop 2% with no change in throttle position.  After 10 seconds the engine gages return to pre-surge values along the engine acceleration schedule.

Surge that recovers after pilot action – Here, simulate the fluctuations described in "recoverable after two or three bangs"  but allow fluctuations and "bangs" to continue until the pilot retards the throttle to idle.  After the pilot retards the throttle to idle, decay all engine parameters along the engine deceleration schedule to match throttle position.

Surge that is non-recoverable – Here, there should be a single "bang" and the engine decelerate to no power as if the fuel were chopped.  EPR can drop at a rate of 0.34 each second; EGT rises at a rate of 15 degrees Celsius each second continuing for 8 seconds (peaking) after the throttle is pulled back to idle.  If the throttle is not pulled back to idle, level EGT at 1000 degrees Celsius.  N1 and N2 should decay along a fuel chop schedule with fuel flow dropping to 25% of the pre-surge value in 2 seconds, tapering to 10% over the following 6 seconds.

Turbo-Propeller powered Aircraft:

With the wide range of aircraft considered in the PSM+ICR turboprop database (FAR Parts 91, 121, and 125) not all the listed malfunctions apply to all the aircraft.  However, any valid malfunction scenario that results in an engine failure with or without a feathered prop is appropriate for simulator training.

Ground malfunctions accounted for more than half the incidents reported to one engine manufacturer.  While tailpipe fires usually do not cause a hazard to the aircraft, passengers have been injured during ground evacuations.  Start malfunctions have not led to the seriousness of in-flight malfunctions and could, therefore, receive lower priority in training and testing.

The PSM+ICR working group analyzed 74 accidents to understand the causes and determine recommendations regarding turboprop accidents.  Inappropriate reaction rather than inability to recognize malfunctions characterized the turboprop accidents.  Loss of control accounted for 64% of the accidents.  The greatest percentage of accidents occurred between liftoff and 1,500 feet above the ground.  This combination of factors places the aircraft in a portion of the flight envelope with the narrowest safety margins for engine out performance and where there is insufficient altitude to recover form a loss of control.  A example of this type of malfunction is a deceleration stall at transition from takeoff power to climb power.  Here, again, the only data available is that recorded by DFDRs.  In these events, a deceleration stall causes the prop to auto feather while the core engine recovers and continues to operate.  Crew members have inappropriately devoted their attention to immediate troubleshooting instead of aircraft control.  Familiarity with the malfunction, its indications, and most important, the proper and appropriately timed response will prevent accidents.

In 46 of the events the engine failed, in 13 events the engine was shutdown, and in 8 events the crew had throttled the engine to a low power setting.  Nearly 20% of the accidents occurred during engine out or stall training or on test flights when there were no malfunctions.  In only 8 of the engine failure or shutdown events was there any indication that a propeller failed to feather.  This data indicates flight crews lacked either the knowledge or skill to safely pilot the aircraft with a propulsion system malfunction.  The mechanics of continued safe flight with an actual or simulated propulsion system failure must be addressed in the simulator.

Training should focus on the greatest identified risks.  Therefore simulator training should include two basic situations:  engine failure with the propeller feathered; and engine failure with a windmilling prop.  Simulators should accurately portray the yaw/sideslip, any associated buffeting, and the flight control feel in these situations to their maximum capability.  Since a majority of turboprop propulsion related accidents occur at low altitude, flight crew members must be able to immediately establish the flight attitude, flight control inputs, and aircraft configuration upon which minimum control airspeeds are based.

An important note should be clearly set out here:  the skill and maneuver/procedure training should be considered incomplete without a discussion of the aerodynamic effects of turboprop malfunctions.  Classroom or video training to improve pilot knowledge would also be beneficial and improve understanding and current situation "awareness" in the turboprop community.  Such training should include a discussion on V1, V2, the parameters that define minimum control airspeeds, bank angle effect on minimum control airspeed, power-on versus power-off stall speeds, and the effects of a windmilling/non-feathered/non-coarsened prop on lift, drag, and minimum control airspeed.
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