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FIG 1: SHOWING CRASH-SITE OF G-OBME




Air Accidents Investigation Branch

Aircraft Accident Report No: 4/90

(EW/C1095)
Registered owner Kommanditbolaget 11, Malmo, Sweden,
Operator: British Midland Airways Ltd
Aircraft Type: Boeing 737
Model: Series 400
Nationality: British

Registmration: G-OBME

Place of accident: % nm east of East Midlands Airport
Latitude: 52°49' 54" N
Longitude: 001° 20" 54"W

Date and time: 8 January 1989 at 2025 hrs

All times in this report are UTC

SYNOPSIS

The accident was notified to the Air Accidents Investigation Branch during the evening of the 8
January 1989 and the investigation was initiated on-site at 0040 hours on the morning of the 9
January. The AAIB Investigating Team comprised Mr E J Trimble (Investigator in Charge), Mr
J D Payling (Operations), Mr C G Pollard (Engineering, Powerplants), Mr S W Moss
(Engineering, Systems), Mr R D G Carter (Engineering, Structures), Wing Commander D
Anton, RAF Institute of Aviation Medicine (IAM) (Survivability), Mr P F Sheppard and Miss A
Evans (Flight Recorders). In addition Mr R Green, Head of the Psychology Department of the
RAF IAM, was co-opted to investigate the human factor aspects of this accident and
Captain M Vivian of the Civil Aviation Authority (CAA) Flight Operations Department was co-
opted to assist the final assessment of the operational aspects.

G-OBME left Heathrow Airport for Belfast at 1952 hrs with 8 crew and 118 passengers
(including 1 infant) on board. As the aircraft was climbing through 28,300 feet the outer panel
of one blade in the fan of the No 1 (left) engine detached. This gave rise to a series of
compressor stalls in the No 1 engine, which resulted in airframe shuddering, ingress of smoke
and fumes to the flight deck and fluctuations of the No 1 engine parameters. Believing that the
No 2 engine had suffered damage, the crew throttled that engine back and subsequently shut it
down. The shuddering caused by the surging of the No 1 engine ceased as soon as the No 2



engine was throttled back, which persuaded the crew that they had dealt correctly with the
emergency. They then shut down the No 2 engine. The No 1 engine operated apparently
normally after the initial period of severe vibration and during the subsequent descent.

The crew initiated a diversion to East Midlands Airport and received radar direction from air
traffic control to position the aircraft for an instrument approach to land on runway 27. The
approach continued normally, although with a high level of vibration from the No 1 engine, until
an abrupt reduction of power, followed by a fire warning, occurred on this engine at a point 2.4
nm from the runway. Efforts to restart the No 2 engine were not successful.

The aircraft initially struck a field adjacent to the eastern embankment of the M1 motorway and
then suffered a second severe impact on the sloping western embankment of the motorway.

39 passengers died in the accident and a further 8 passengers died later from their injuries. Of
the other 79 occupants, 74 suffered serious injury.

The cause of the accident was that the operating crew shut down the No 2 engine after a fan blade
had fractured in the No 1 engine. This engine subsequently suffered a major thrust loss due to
secondary fan damage after power had been increased during the final approach to land.

The following factors contributed to the incorrect response of the flight crew:

1. The combination of heavy engine vibration, noise, shuddering and an associated smell of
fire were outside their training and experience.

2. They reacted to the initial engine problem prematurely and in a way that was contrary to
their training.

3. They did nof assimilate the indications on the engine instrument display before they
throttled back the No 2 engine.

4. As the No 2 engine was throttled back, the noise and shuddering associated with the
surging of the No 1 engine ceased, persuading them that they had correctly identified the
defective engine.

5. They were not informed of the flames which had emanated from the No 1 engine and

which had been observed by many on board, including 3 cabin attendants in the aft cabin.

31 Safety Recommendations were made during the course of this investigation.



1.1

FACTUAL INFORMATION

History of the flight

The aircraft was engaged on a double shuttle between London Heathrow Airport
and Belfast Aldergrove Airport. It landed at Heathrow at 1845 hrs on completion
of the first shuttle flight and took off again for Belfast at 1952 hrs, with the first
officer handling the aircraft. After take-off the aircraft climbed initially to 6,000
feet where it levelled-off above a layer of stratocumulus cloud for 2 minutes,
before receiving clearance to climb to flight level (FL) 120. Soon afterwards, at
1958 hrs, clearance was passed to climb to FL 350 on a direct track to the very
high frequency omni-range beacon (VOR) at Trent.

At 2005.05 hrs, as the aircraft was climbing through FL283 some 20 nm south-
south-east of East Midlands Airport, the crew experienced moderate to severe
vibration and a smell of fire. The area microphone for the cockpit voice recorder
(CVR) picked up a sound of vibration or 'rattling' at this time and the flight data
recorder (FDR) showed significant fluctuations in lateral and longitudinal
accelerations. There was no fire warning or any other visual or aural warning on
the flight deck. The commander stated afterwards that he saw and smelt air
conditioning smoke. The first officer later remembered only a strong smell of
burning. Replay of the FDR showed that severe vibration had occurred in the No
1 (left) engine at this time, accompanied by marked fluctuations in fan speed
(N1), arise in exhaust gas temperature (EGT) and low, fluctuating, fuel flow.

The commander took control of the aircraft and disengaged the autopilot. He later
stated that he looked at the engine instruments but did not gain from them any
clear indication of the source of the problem. He also later stated that he thought
that the smoke and fumes were coming forward from the passenger cabin, which,
from his appreciation of the aircraft air conditioning system, led him to suspect
the No 2 (right) engine. The first officer also said that he monitored the engine
instruments and, when asked by the commander which engine was causing the
trouble, he said 'IT'S THE LE ... IT'S THE RIGHT ONE.', to which the
commander responded by saying 'OKAY, THROTTLE IT BACK'. The
autothrottle was then disengaged and the No 2 engine was throttled back. The
first officer later had no recollection of what it was he saw on the engine
instruments that led him to make his assessment. The commander's instruction to
throttle back was given some 19 seconds after the onset of the vibration when,
according to the FDR, the No 2 engine was operating with steady engine
indications. During the 11 seconds that elapsed between the disengagement of the
autopilot and the throttling back of the No 2 engine, the aircraft rolled slowly to

the left through 16 degrees but the commander made no corrective movement of
aileron or rudder.



Within 1 to 2 seconds of the closure of the No 2 throttle the aircraft rolled level
again, the fluctuations in lateral and longitudinal accelerations ceased, the No 1
engine fan speed settled at a level 3% below its previous stable speed, and the
EGT stabilised at 50°C above its previous level. These engine parameters
remained fairly stable for a further minute until the commander reduced power on
that engine for the descent. However, the indicated vibration remained at
maximum and the indicated fuel flow behaved erratically. The commander later
stated that the action of closing the No 2 engine throttle reduced the smell and the
visual signs of smoke and that he remembered no continuation of the vibration
after the No 2 throttle was closed.

Immediately after throttling back the No 2 engine, the first officer advised London
Air Traffic Control (LATCC) that they had an emergency situation which looked
like an engine fire. The commander then ordered the first officer: 'SHUT IT
DOWN'. This order was given 43 seconds after the onset of the vibration but its
execution was delayed when the commander said 'SEEMS TO BE RUNNING
ALRIGHT NOW. LETS JUST SEE IF IT COMES IN'. The shutdown was
further delayed as the first officer responded to radio messages from LATCC
which advised the crew of the aircraft's position and asked which alternate airfield
they wished to go to. The first officer said that it looked as if they would take it
to Castle Donington (East Midlands Airport) but LATCC were to stand by. At
about this time a flight attendant used the cabin address system to advise the
passengers to fasten their seat belts. The first officer then told the commander
that he was about to start the 'Engine Failure and Shutdown' checklist, saying at
the same time 'SEEMS WE HAVE STABILISED. WE'VE STILL GOT THE
SMOKE'. Again, action on the checklist was suspended as the commander called
British Midland Airways (BMA) Operations at East Midlands Airport to advise
his company of the situation. 2 minutes 7 seconds after the start of the vibration
and during a short pause in radio communications with BMA Operations, the fuel
cock (start lever) of the No 2 engine was closed and the auxiliary power unit
(APU) was started. Shortly afterwards BMA Operations transmitted to the
aircraft: DIVERT TO EAST MIDLANDS PLEASE".

The commander later recollected that, as soon as the No 2 engine had been shut
down, all evidence of smell and smoke cleared from the flight deck, and this
finally convinced him that the action he had taken was correct. Shortly afterwards
power was further reduced on the No 1 engine, which continued to operate at
reduced power with no symptoms of unserviceability other than a higher than
normal level of indicated vibration and increased fuel flow. This high level of
vibration continued for a further 3 minutes and then fell progressively until it
reached a level of 2 units on the cockpit indicator, still a little higher than normal.
After the accident, the commander stated that during the remainder of the flight the



indications that he had from the engine instruments, or any other source, were
such as to indicate that the emergency had been successfully concluded and that
the No 1 engine was operating normally.

In the cabin, the passengers and the cabin attendants heard an unusual noise
accompanied by moderate to severe vibration. Some passengers were also aware
of what they described as smoke, but none could describe its colour or density.
They described the smell of burning as 'rubber’, 'oil' and 'hot metal'. Many saw
signs of fire from the left engine, which they described variously as 'fire’,
'torching' or 'sparks'. Several of the cabin attendants described the noise as a
low, repetitive thudding, 'like a car backfiring', and one described how the
shuddering shook the walls of the forward galley. The three flight attendants in
the rear of the cabin saw evidence of fire from the No 1 engine, and two of them
briefly saw light coloured smoke in the cabin. Soon after the No 2 engine was
shut down the commander called the flight service manager (FSM) to the flight
deck and asked him 'DID YOU GET SMOKE IN THE CABIN BACK
THERE?', to which the FSM replied 'WE DID, YES'. The commander then
instructed the FSM to clear up the cabin and pack everything away. About one
minute later the FSM returned to the flight deck and said 'SORRY TO TROUBLE
YOU .. THE PASSENGERS ARE VERY VERY PANICKY'. The commander
then broadcast to the passengers on the cabin address system that there was
trouble with the right engine which had produced some smoke in the cabin, that
the engine was now shut down and that they could expect to land at East
Midlands Airport in about 10 minutes. The flight attendants who saw signs of
fire on the left engine later stated that they had not heard the commander's
reference to the right engine. However, many of the passengers who saw fire
from the No 1 engine heard and were puzzled by the commander's reference to
the right engine, but none brought the discrepancy to the attention of the cabin
crew, even though several were aware of continuing vibration. The smell of
smoke, however, had dissipated by the time the commander made this
announcement.

The No 2 engine was shut down approximately 5 nm south of East Midlands
Airport. Having cleared the aircraft to turn right and descend to FL. 100, London
ATC passed control to Manchester ATC, who passed headings to steer for the
aircraft to descend to the north of East Midlands Airport (EMA) and to fly to the
centreline of the localizer of the instrument landing system (ILS) for runway 27.
During the descent the commander did not re-engage the autopilot but flew the
aircraft manually, whilst the first officer dealt with radio communications. Flight
deck workload remained high as the first officer obtained details of the actual
weather at East Midlands and attempted without success to programme the flight
management system to display the landing pattern at East Midlands. This last
activity engaged the first officer's attention for 2 minutes. At 2012.28 hrs the



1

commander attempted to review their situation, saying 'NOW WHAT
INDICATIONS DID WE ACTUALLY GET (IT) JUST RAPID VIBRATIONS
IN THE AEROPLANE - SMOKE ...'. His discussion with the first officer was
then interrupted by ATC messages passing a new radar heading, further descent
clearance to FL40 and instructions for the aircraft to change radio frequency to
East Midlands (Castledon) approach control. As soon as contact was established
on the new frequency the first officer began to read the one-engine inoperative
descent and approach checklist. Radio calls again interrupted this activity when
the Castledon approach controller asked the commander to make a test call to the
aerodrome fire service, which he did, but received no response. The approach
checklist was finally completed at 2017.33 hrs, when the aircraft was 15 nm from
touchdown, descending through 6,500 feet above mean sea level (amsl). One
minute later the commander accepted a new radar vector of 220° to take the aircraft
south of the extended runway centreline in order to increase his distance from
touchdown, and shortly afterwards called for the wing flaps to be selected to 1°.
Throughout the descent there were distractions from a small number of other
aircraft making radio calls on the same frequency as that being used by G-OBME.

When the aircraft was 13 nm from touchdown on this new heading, and
descending to 3,000 feet amsl, ATC advised a right turn to bring the aircraft back
to the centreline. At 2020.03 hrs, during this turn, power was increased on the
No 1 engine to level the aircraft momentarily at 3,000 feet and maximum indicated
vibration was again recorded on the FDR. The aircraft was then cleared to
descend to 2000 feet and the commander began a slow descent, calling
successively for 2° and then 5° of flap. After joining the centreline, at 2000 feet
above ground level (agl), the commander called for the landing gear to be lowered
and, as he passed the outer marker at 4.3 nm from touchdown, called for 15° of
flap. One minute later, at 2023.49 hrs, when the aircraft was 2.4 nm from
touchdown at a height of 900 feet agl, there was an abrupt decrease in power
from the No 1 engine. The commander called immediately for the first officer to
relight (ie restart) the other engine and the first officer attempted to comply. The
commander then raised the nose of the aircraft in an effort to reach the runway.
17 seconds after the power loss the fire warning system operated on the No 1
engine and 7 seconds later the ground proximity warning system (GPWS)
glideslope warning sounded and continued with increasing repetitive frequency as
the aircraft descended below the glidepath. The commander ordered the first
officer not to carry out the fire drill. At 2024.33 hrs the commander broadcast a
crash warning on the cabin address system using the words 'PREPARE FOR
CRASH LANDING' (repeated). 2 seconds later, as the airspeed fell below 125
kts, the stall warning stick shaker! operated, and continued to operate until the

Stick shaker. An artificial stall warning device that causes both control columns to vibrate when the

airspeed falls within not less than 7% of the actual stall speed.



1.2

aircraft struck the ground at 2024.43 hrs. The last airspeed recorded on the FDR
was 115 kts. No power became available from the No 2 engine before the aircraft
struck the ground.

The initial ground impact was in a nose-high attitude on level ground just to the
east of the M1 motorway. The aircraft then passed through trees and suffered its
second and major impact 70 metres to the west and 10 metres lower, on the
western (ie northbound) carriageway of the M1 motorway and the lower part of
the western embankment. The fuselage was extensively disrupted, and the
aircraft came to rest entirely on the wooded western embankment approximately
900 metres from the threshold of runway 27 and displaced 50 metres to the north
of the extended runway centreline.

Several of the passengers described heavy vibration immediately prior to the
impact and one passenger, in the rear of the aircraft, described the vibration as
being severe enough to open the overhead lockers and cause them to spill
contents. Passengers in the rear of the aircraft described two distinct impacts;
those in the front appeared only to have been aware of the final impact.

Ground witnesses who saw the final approach saw clear evidence of fire
associated with the left engine. The intake area of the engine was filled with
yellow/orange fire, and flames were observed streaming aft from the nacelle,
pulsating in unison with 'thumping noises'. Metallic 'rattling' was also heard,
and flaming debris was seen falling from the aircraft.

After the aircraft crashed, a BMA engineer entered the flight deck and switched
off the main battery switch and the standby power switch. He later returned to
the flight deck and switched off the engine ignition (engine start switches) and the
fuel booster pumps. The engine start levers (fuel valves) were found in the cutoff
position. No witness was found who could testify to having moved them.

Injuries to Persons

Crew Passengers Others
Fatal nil 47 Nil
Serious 7 66 + 1 infant Nﬁ
Minor/none 1 4

5 firemen suffered minor injuries during the rescue operation.



1.3

1.4

1.5

1.5.1

Damage to aircraft

G-OBME suffered severe impact damage and the fuselage broke into 3 main
sections (Fig 1). The nose section travelled the greatest distance up the western
embankment of the M1, the centre-section remained upright with the wings
attached and the tail-section buckled over, and to the right of, that section of
fuselage just aft of the wing.

Both engines were found at their wing stations, although they had suffered
ground impact damage. Most of the components which had separated were found
around the impact site. Several small pieces of the No 1 engine were recovered
from a site about 3 kilometres to the east, under the final flight path.

Other damage

During the crash sequence the rear fuselage underside and main landing gear of
the aircraft scraped the surface off a small area of a grass field next to the eastern
embankment of the motorway. The aircraft then demolished a 10 metre section of
wooden fencing at the crest of the eastern embankment, before cutting a 40 metre
swathe through the tops of trees growing on the embankment.

As the aircraft descended across the carriageways it destroyed one central lamp
standard and a detached landing gear leg struck and deformed the central
reservation barrier. The aircraft then slid up the western embankment, destroying
trees over an area approximately 40 metres square.

Personnel information

Commander: Male, aged 43 years

Licence: Airline Transport Pilot's Licence first issued
9 August 1977, valid until 8 August 1997

Aircraft ratings: Auster, Dakota/C47, BAC 1-11, Viscount,
DC-9, F 27, Boeing 737 Series 200, 300 and
400

Medical certificate: Class One issued 24 August 1988 with no
limitations, valid until 31 March 1989

Instrument rating: Valid until 15 November 1989

Last base check: 16 October 1988

Last route check: 12 November 1988

Last emergencies check: 26 April 1988



1.5.2

Flying experience: Total all types: 13,176 hours

Total on B737: 763 hours
Total last 90 days: 112 hours
Total last 28 days: 12 hours
Duty time: On leave from 17 December 1988. On duty

1430 hrs 8 January 1989

The commander underwent initial flying training at The London School of Flying
in 1964/65 before joining BMA in 1966. He was employed as a first officer until
he passed a command course in 1974, and then as a captain successively on
Viscount, F27 and DC9 aircraft until 1987. He completed a conversion course to
the Boeing 737 Series 300 on 13 December 1987 and a further short course on
the Series 400 aircraft on 17 October 1988. He had flown 23 hours on the Series
400 aircraft.

First Officer Male, aged 39 years

Licence: Airline Transport Pilot's Licence first issued 12
August 1986 and valid until 11 August 1996

Aircraft ratings: PA 28, Cessna 402B, 402C and 404, Shorts SD
330 Series100.and 200, Shorts SD 360 Series
100 and 200, Boeing 737 Series 200, 300 and

400
Medical certificate: Class One issued 25 August 1988 with no
limitations, valid until 31 March 1989
Instrument rating: Valid until 13 August 1989
Last base check: 22 December 1988
Last route check: 5 November 1988
Last emergencies check: 20 July 1988
Flying experience: Total all types: 3,290 hours
Total on B737: 192 hours
Total last 90 days: 104 hours
Total last 28 days: 37 hours
Duty time: On duty 1200 hours 8 January 1989 (positioning

to London / Heathrow from Belfast.)

The first officer underwent flying training at Simulated Flight Training at Hurn
Airport in 1983. He was then employed by several independent public air
transport companies before joining BMA in 1988, where he was initially
employed as a first officer on the Shorts SD 360. He received conversion
training on the Boeing 737-300 from his company during June and July 1988.
He was checked as competent to act as a first officer on the B737 Series 300 on
28 July 1988 and on the B737 Series 400 on 17 October 1988. He had flown 53
hours on the Series 400 aircraft.
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Cabin attendants (listed in order of joining BMA)

Flight Service Manager:
Date joined BMA:
Qualified on B737:
Last emergencies check:

Rest period before flight:

Cabin attendant 1:

Date joined BMA:
Qualified on B737:
Last emergencies check:

Rest period before flight:

Cabin attendant 2:

Date joined BMA:
Qualified on B737:

Last emergencies check:

Rest period before flight:

Cabin attendant 3:

Date joined BMA:
Qualified on B737:

Last emergencies check:

Rest period before flight:

Cabin attendant 4:
Date joined BMA:
Qualified on B737:

Last emergencies check:

Rest period before flight:

Cabin attendant 5:

Date joined BMA:
Qualified on B737:
Last emergencies check:

Rest period before flight:

Male, aged 27 years
5 May 1986

4 November 1987

5 January 1989

14 hours 10 minutes

Female, aged 24 years
11 May 1987

20 April 1988

25 August 1988

16 hours 50 minutes

Female, 27 years

30 March 1988

25 August 1988

29 September 1988
15 hours 20 minutes

Male, aged 29 years
S October 1988

14 December 1988
21 December 1988
More than 2 days

Female, aged 22 years
23 November 1988
14 December 1988

21 December 1988

19 hours 10 minutes

Male, aged 23 years
19 October 1988

14 December 1988
21 December 1988
19 hours 30 minutes

10
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106.1

Aircraft information
Leading particulars
Type:

Constructor’s number:
Date of Manufacture:

Certificate of Registration:

Certificate of Airworthiness:

Total airframe hours:

Engines (2):

Maximum weight authorised
for take-off:

Actual take-off weight:

Maximum weight authorised
for landing:

Estimated weight at the
time of the accident:

Estimated fuel remaining at
the time of the accident:

Centre of gravity (CG) limits
at accident weight:

CG at time of accident:

Boeing 737 Series 400
23867
1988

Registered in the name of British Midland
Airways Ltd.

Issued on 3 November 1988 in the Transport
Category (Passenger) and valid until 2 November
1989.

521

CFM 56-3C high by-pass turbofan engines
No 1 Serial No:- 725-127
No 2 Serial No:- 725-130

64,636 kg (142,4961b)

49,940 kg (110,098 1b)

54,884 kg (120,997 1b)

48,900 kg (107,805 1b)

4,210 kg (9,281 1b)

8-27.6% mean aerodynamic chord (MAC)

15.7% MAC

11



1.6.2

1.6.3

1.6.3.1

Description of engines
General features (See sectional view of engine at Appendix 1, fig 1)

The CFM 56-3C-1 is a two shaft, high by-pass ratio turbofan engine of modular
construction, rated at 23,500 lbs thrust for take-off. The 38 blade fan and 3
stage low pressure compressor (LPC or booster) are driven by a four stage low
pressure turbine (LPT) powered by the exhaust gases of the core engine. The 60
inch diameter fan produces about 80% of the total engine thrust, which is almost
directly related to fan speed (N1). The thrust is regulated by control of the core
engine which has an annular type combustion chamber and a 9 stage axial flow
high pressure compressor (HPC) driven by a single stage high pressure turbine
(HPT). The fuel and airflow control of the core engine is governed by a
Woodward hydromechanical main engine control (MEC) which, in conjunction
with the electronic power management controller (PMC), adjusts the core speed
(N2) to give the fan speed/thrust demanded by the pilot via the thrust lever. The
MEC and fuel pump are driven by the core engine via an accessory gearbox,
mounted on the lower left side of the fan case, which also drives a generator and
hydraulic pump to provide electrical and hydraulic power for aircraft services.
High pressure air is bled from the core compressor to provide cabin air
conditioning and other aircraft pneumatic services.

A brief development history of this engine type is given at paragraph 1.17.6.
Engine instrument system (EIS).

The EIS provided a solid-state display of engine-related parameters which
replaced the earlier array of individual hybrid electro-mechanical instruments with
two display units. One unit displayed the primary parameters and the other
displayed the secondary parameters (see Appendix 2, figs 1, 2 & 3).

EIS primary display
The following engine parameters were displayed:-
fan speed (N1)
exhaust gas temperature (EGT)
core speed (N2)
fuel flow (FF)
These parameters were presented in both analogue and digital form by the use of

light-emitting diodes (LEDs). The analogue presentation utilised 81 bars of
LEDs, arranged radially around the outside of each display scale. The bars

12



1.6.3.2

illuminated one at a time, in sequence, to simulate the movement of the end of a
pointer sweeping around the outside of the display scale. Other design features
concerning the movement of the LED 'pointer’ were also incorporated, in order to
mimic the behaviour of an electro-mechanical indicator.

The digital presentation, which was common to both the EIS and the earlier
hybrid instruments, was situated in the centre of each indicator and also used
LEDs. These simulated the rolling drum mechanism used on conventional
electro-mechanical indicators by making the display digits appear to 'roll' past the
viewing aperture, with half of each adjacent digit visible in the last 'window'.
This preserved the rate and direction of motion cues available to the pilot. Red
exceedance warning lights were positioned above each N1, N2 and EGT display
and were designed to illuminate whilst the affected parameter remained above the
'red-line' limit. Exceedance information was stored in a non-volatile memory
which could be interrogated by maintenance personnel.

Both N1 displays also featured movable LED cursors to indicate 'target N1',
which could be set manually by using two knobs located in the lower corners of
the display bezel, or automatically by the flight management computer. When set
manually, this information was repeated in digital form in two windows at the top
of the display. A button at the bottom of the display bezel was used to change the
reading of fuel flow rate to fuel used. After 10 seconds the displays automatically
reverted to 'fuel flow'.

A three-character display at the top of the primary EIS annunciated the thrust
mode as selected through the flight management computer.

An 'abnormal start' algorithm was incorporated which would cause the EGT
digits to flash if the unit detected conditions such as incipient 'hot', or 'hung’,
starts.

EIS secondary display

The secondary EIS displayed the following parameters for both engines, in
analogue form only:-

engine oil pressure

engine oil temperature

engine vibration

A and B system hydraulic pressure

13



1.6.3.3

1.6.4

The system of scales and LED 'pointers’' was similar to that used in the primary
display but there were no digital repeaters and, since the secondary displays were
smaller (see Appendix 2, fig 3), there were 31 bars of LEDs to simulate the
pointer. There were digital readouts of engine oil quantity, hydraulic quantity (%
full) and total air temperature (TAT). In common with normal practice on engine
instruments classified as secondary, there were no exceedence lights on the
secondary EIS.

Features common to both EIS displays

Both primary and secondary displays were fitted with numerous sensors which
varied the LED brightness according to the amount of ambient light falling on the
display. Thus the displays were designed to remain legible under all conditions,
including situations where the ambient light fell differentially across the displays.
For night operation the scales were edge-lit and their brightness was controlled by
the crew, through the normal panel lighting control.

Both displays featured built-in test equipment (BITE), activation of which would
cause the unit to run through a test programme. Use of BITE was restricted to
ground maintenance only.

Engine parameters were received by the EIS direct from the sensors on the
engines with the exception of vibration, where signals from the sensors were
processed by the airborne vibration monitor (AVM) before being passed to the
EIS (see paragraph 1.6.4). The EIS fed its output of these parameters (except
vibration and engine oil temperature) to the flight control computers, the flight
data acquisition unit (FDAU) and the stall warning computer, as required.

The EIS was connected to the aircraft wiring through 4 connectors located on the
back of each unit. The input and output wiring associated with each engine was
fed through a discrete connector, which had a baulk system known as 'clocking'.
This physically prevented inadvertent cross-connection.

The EIS reacted to input system failures in different ways, depending upon the
type of input and the nature of the failure. In all cases where a definite system
failure was detected, the EIS would delete the affected parameters from the
display.

Airborne vibration monitoring (AVM) system

The AVM system continuously displays engine vibration levels via the indicators
on the secondary EIS. This information is also output to the FDAU for
transmission to the digital flight data recorder and stored as 'peak per flight'
values in the non-volatile memory of the AVM module in the electronics bay.

14
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The AVM module will, however, only output up to a certain maximum value,
equivalent to a reading of 5 units on the EIS scale. Vibration levels above this
value are displayed as 5 units and there is no additional indication if the true
vibration level exceeds S units.

Two piezoelectric-type vibration sensors are fitted on each engine; one on the No
1/No 2 (front) bearing support and one on the turbine rear frame, both sensing
engine rotor vibration - see Appendix 1, fig 1. The AVM is also supplied with
information concerning the rotational speeds of the low pressure (LP) and high
pressure (HP) spools (N1 and N2). It uses this information to 'track’ any
vibration signals and to filter out those not associated with either N1 or N2
speeds. This has helped to considerably reduce problems encountered with
earlier systems whereby spurious vibration signals from a source other than the
rotating assemblies could be indicated to the crew.

Although genuine vibration signals from both sensors monitoring both spools are
output to the FDR, only those from the No 1/No 2 bearing sensor are actually
displayed to the crew on the EIS. The higher value of HP or LP shaft vibration
will be indicated.

The nominal reading of 5 units is not only the maximum the EIS would display
but is also the maximum the AVM will output. Any fault condition which
could cause the AVM to output more than 522.5 microamps nominal
(equivalent to 5.25 vibration units) will be interpreted by the EIS as an
interface failure and the display pointer will be driven to the zero position,
held for 2 seconds and then disappear.

The vibration units are non-dimensional and the figure of 5 units represents a
level at which vibration should be apparent through the airframe, but of itself
should not jeopardise the integrity of the engine.

Engine fire and overheat detection system

The engine fire and overheat detection system used a continuous loop method as
the basis for the detector elements. Each element had a heat-sensing device
consisting of an inconel sheath which contained a ceramic-like thermistor material
in which two fine wire conductors were imbedded. As the temperature of the
element rose, the electrical resistance between the conductors fell and, at a set
threshold, the appropriate warnings were activated by the control module located
in the electronics bay.

There were two 'loops’, A and B, comprising each element. Both loops normally
worked together, although either loop A or B could be selected individually to
cater for unserviceability of one loop. There were four elements mounted on

15



1.6.6

support tubes located in each engine nacelle and positioned to cover those areas
most at risk from a fire or overheat condition (see Appendix 2, fig 4). Each
element differed not only with respect to its length and formed shape, but also
three of the four elements used a different composition of the Thermistor core,
thus allowing the system to trigger at different alarm temperatures.

The purpose of the system was not simply to detect engine fires but also to
provide warnings of overtemperature conditions, such as bleed air duct leaks. In
the latter case, an overheat condition would cause illumination of the MASTER
CAUTION light, OVHT/DET annunciator and the associated engine OVERHEAT
light. An engine fire condition would be indicated by illumination of the master
FIRE WARNING, the associated engine fire switch light and the sound of the
alarm bell. Whilst the FIRE WARNING light and the bell could be cancelled by
the crew, the fire switch light would remain illuminated until the element
temperature had dropped below its threshold.

The system could be tested from the flight deck by activating a test switch. This
would switch both loops from their normal monitoring circuits to a test circuit
which simulated the pattern of falling resistance induced by a fire. During such a
test, the crew would expect to receive all of the above warnings, in addition to
others associated with APU and landing wheel well protection, if the system was
serviceable.

The continuous loop system had the inherent ability to detect overheats and fires,
even if an element was severed, since both ends of the element would continue to
function. The function test described above would indicate such a fault. False
warnings were catered for by a discriminator circuit which was designed to
recognise the instantaneous drop in resistance caused by a short circuit, compared
with the pattern of falling resistance over a finite time associated with a genuine
warning.

Air conditioning system

The air conditioning and pressurisation system used pneumatic air drawn from the
compressor stages of the engines (see Appendix 2, fig 5) or from the APU. The
main supply was obtained from the 5th stage of each engine compressor, but at
low engine thrust settings or at idle, the 9th stage bleed automatically opened to
maintain the supply.

The pneumatic supply from each engine was ducted to its associated air
conditioning pack, which used the enérgy of the hot, high pressure, pneumatic air
to cool it to a level suitable for use in the passenger cabin and the flight deck. In
normal operation, the two systems operated virtually independently as far as the
conditioned air mix manifold (Appendix 2, fig 5), although a normally closed
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1.6.7

isolation valve could be opened to cross-feed pneumatic air, or to duct APU air
into the right-hand system.

A relatively small amount of un-conditioned air was, however, bled off both
systems upstream of the packs and mixed together to provide a source of ‘trim
air'. This air was used to raise the ambient temperature locally in any of the three
zones into which the passenger cabin/flight deck was divided for air-conditioning
purposes.

As shown in Appendix 2, fig 5, conditioned air from the right engine was ducted
into the mix manifold only and thence to the forward and aft passenger cabin
zones. Conditioned air from the left engine was also ducted into the mix
manifold, but a tapping was taken before this to direct unmixed air to the flight
deck. The reason for this was that the passenger cabin also received filtered,
recirculated air driven by two recirculation fans which discharged into the mix
manifold. With this arrangement, and both systems operating, the crew would
receive mostly fresh, unrecirculated air.

A separate subsystem circulated air from the flight deck around the equipment in
the electronics bay and the flight deck for cooling purposes. Air used in this

subsystem was not, however, a source of transfer from such zones into the flight
deck.

Cabin floor structure

The structure of the cabin floor in the Boeing 737-400 is typical of this class of
aircraft. It consists principally of a series of transverse floor beams which are
mechanically attached, at each end, to the circumferential fuselage frames. The
floor beams are, in general, placed at 20 inch spacing. The cabin flooring panels
and longitudinal seat track members are secured on top of these beams. Thus the
vertical inertial loads from the passenger seats and other track-mounted
furnishings are supported by the beams and the longitudinal loads are carried out
to the cabin sidewalls through the flooring panels. The lateral loads from the
track-mounted seats are carried out to the fuselage frames both by the floor panels
and by the transverse floor beams. The only area of passenger seating which
differs from this scheme is the over-wing section (fuselage station 540 to 727)
where the loads from the seat tracks are reacted directly by intercostals attached to
the upper surface of the wing centre-section.

In the forward section (station 360 to 540) the seat track member is of an I-
section, heavily tapered (Appendix 3, fig 1) to pass across the transverse floor
beams. In the aft section (station 727 onwards) the arrangement is similar but the
bottom flange of the I-member passes through a cut-out in the floor beam (fig 2).
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1.6.8.

1.6.8.1

1.68.2

Seats
Flight deck crew seats

The pilots' seats were type 3A090 units built by Ipeco Europe Ltd. These crew
seats were designed to be positioned on floor-mounted tracks and the complete
seat assembly comprises two basic light-alloy structures: the upper structure
contains the controls for the back cushion and lumbar support and the seat base
contains the controls for the vertical seat height and horizontal track lock. The
harness is conventional, with a buckle on one of the 2 lap straps, 2 shoulder
straps each controlled by an inertia reel and with a crotch strap mounted on the
seat pan.

Height adjustment is achieved by a parallelogram linkage of four lift-arms
connecting the seat pan to the seat base and the height is locked by two height
lock pins which engage in any pair of a series of holes in the height lock plates.
Horizontal adjustment is effected by the motion of four bogie assemblies along
the floor-mounted tracks and the fore-aft position is locked by a single track lock
pin which engages in any one of a series of holes in the top of one of these tracks.

This seat type was approved by the CAA as meeting the appropriate Joint
Airworthiness Requirements (JARs), which included the inertial loading
provisions (paragraph 1.17.11), and was approved by the Federal Aviation
Administration (FAA) in July 1986 as meeting the '9g static' provisions of TSO-
C39a. This model of seat had, however, undergone development testing to the
dynamic '16g’ level of Federal Airworthiness Requirement (FAR) Amendment
25-64.

Cabin attendant seats

The aircraft had seating for 5 cabin attendants, arranged as 2 double seats and 1
single seat, all of which were aft-facing (Appendix 3, fig 3). Both double seats
were mounted on the left-hand side of the aircraft, one just forward of the
forward/left passenger door and the other just forward of the rear/left passenger
door. The single attendant seat was mounted just forward of the rear/right
passenger door.

These cabin attendant seats were model 2501 units, built by Trans-Aero
Industries. The design includes full lap and shoulder harness and the seat pan
automatically folds to the vertical position when the seat is not occupied. This
model of seat was tested and approved in 1988 to the standards of FAA TSO-
C39b and British Civil Airworthiness Requirements (BCAR) sections D3-8 and
D4-4.
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1.6.8.3

Passenger seats

At the time of the accident, G-OBME was configured with 156 passenger seats in
a single class cabin with a total of 26 rows of pairs of triple seats as shown in
Appendix 3, fig 3; the seats were of a type designated as the Model 4001 tourist
seat by the manufacturer, Weber Aircraft, Inc. The seat rows were numbered
conventionally from 1 to 27 (no row 13) from the front to the back of the aircraft.
The seat pitch ranged from a maximum of 38 inches, for the 2 seat rows (12 and
14) next to the overwing emergency exits, to a minimum of 30 inches for row
27L. The remaining seat pitches were either 31 or 32 inches.

A typical Model 4001 triple seat is shown in Appendix 3, fig 4. The upholstered
seat backs are pivoted at the lower end to break-over forward to ease emergency
evacuation and to recline for passenger comfort. The exceptions in the G-OBME
configuration were the seats adjacent to the overwing exits, rows 11, 12 and 14,
where the seat backs were fixed. The detachable flotation cushions are supported
on an alloy sheet suspended between the front and rear horizontal spars; these
spars are mounted on a welded lower structure of hollow steel members of
square section. Longitudinal locking to the seat tracks is at the rear attachments
only and both the front and rear leg attachments are designed to allow for some
angular deformation of the seat tracks in an impact. At the rear leg this flexibility
is achieved by incorporating a pivot, and at the forward leg a U-strap, at the track
attachment. The intent of the U-strap is principally to make the seat structure
compliant with floor deformations and also to provide some load attenuation

through the buckling mechanism.

The Model 4001 seats were approved by the FAA in December 1985 as meeting
the performance standards of TSO-C39a and were approved by the CAA in

February 1986 as meeting the more stringent requirements of BCAR Sections
D3-8 and D4-4.

However, in addition to meeting the static loading criteria required by the above
performance standards, the Model 4001 seat was tested at the FAA's Civil
Aeromedical Institute (CAMI) in 1987 to the standards of FAR Part 25
Amendment 25-64, (paragraph 1.17.11). Although these 'Amendment 25-64'
(dynamic loading criteria) tests were for development rather than certification, the
results indicated that the seat would probably meet the certification criteria,
although the testing was done prior to the issue of the requirements for seat
deformation. Longitudinal impact tests on the front legs had shown buckling
loads of around 4800 Ibs for the U-strap at the base of the front leg; load cell
measurements on the test leg showed, for the 16g / 44 feet per second (fps)
decelerations, vertical loads in excess of this (4800 1bs) load.
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1.6.9

1.6.10

1.6.10.1

Overhead stowage bins

The aircraft was equipped with a total of 30 overhead stowage bins in the
passenger compartment. Of these, 26 were of 60 inch length and fully available
for passenger hand baggage. The remaining two end pairs were shorter and
partly used for cabin safety equipment.

The support system for a typical bin is shown at Appendix 3, fig 5. The forward
inertial load is reacted by a diagonal tie, mounted at one end to stringer 6 or 7 in
the fuselage crown and at the other end to a fitting on the upper surface of the bin.
The vertical and lateral loads are reacted by short tie rods attached to the fuselage.

Certification to FAR 25 (paragraph 1.17.11) was based on substantiating tests
performed by the manufacturer and witnessed by the FAA. Subsequent
certification to the requirements of BCAR Section D3-8, which required
combinations of loading to 9.0g resultants, was achieved by load analysis. The
assumed baggage loading of the bins for certification and placard purposes, was 3
Ibs per inch of length. Thus a 60 inch bin would be assumed to contain a
maximum of 180 lbs of baggage.

Maintenance records

The aircraft was delivered from the Boeing Commercial Airplane Company to
British Midland Airways (BMA) on 25 October 1988 and it entered revenue
service on 4 November 1988.

At the time of the accident, it had accumulated some 521 total flying hours and
519 landings. The Certificate of Maintenance Review had been issued on 3
November 1988 and was valid to 2 March 1989.

The CAA approved BMA maintenance schedule, in addition to the usual daily and
pre-flight checks, called for a 'minor service check 1' as the first scheduled
maintenance inspection at 300 airframe hours. This had been accomplished on 9
December 1988 at 273 hours, and would have been repeated after a further 300
hours. No major component changes or rectification work had been required, or
carried out, since delivery.

Aircraft Technical Log
This document is carried on the aircraft and one page is completed by the flight

crew for each sector flown. In addition to routine information such as fuel uplift,
sector times etc., any defects noticed are entered by the crew for action by the
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ground engineers. Defects which cannot be rectified at the time but which are
considered acceptable for further flight(s) are also entered in the 'carried forward
defect’ (C/FD) section of the log until rectification can be accomplished. Where
the nature of the defect is such that it involves unserviceability of a component or
system, acceptability is assessed with regard to the "Master Minimum Equipment
List' (MMEL). The MMEL is approved by the CAA and lists system deficiencies
with which the aircraft may still fly. It also details any special maintenance or
operational procedures which must be observed as a result.

The Technical Log from G-OBME was examined with particular regard to those
defect entries which related to the engines, or associated systems. There were no
entries in the Air Transport Association (ATA) 100 engine chapters listing of
relevance to this accident apart from Chapter 77 - Engine Indicating. These are
reprinted verbatim below.

DATE DEFECT RECTIFICATION
11.12.88 At TOD? as power levers BITE check of AVM carried out.
moved to flight idle, SATIS; Trans. to ¢/fwd 15306/1 for
No 2 eng. vib.rdg.increased monitor on the next few sectors and
to approx.3.2 units and then further reports.

reduced to 0.5 units.

11.12.88.  Ref. c/fwd 15306/1 No 2 eng.  Noted with thanks. C/fwd remains

vib. rdg.at TOD increased open for fan blades to be cleaned and
to approx 2.8 units and then lubed i.a.w. MM3. BITE check
decreased to 0.5 units. carried out AVM limits found

not exceeded.

No further flight crew comment was made on the subject of vibration of either
engine until 17.12.88 when the following entry was recorded:-

17.12.88 Re. cfd. 15306/2. When Engine 2 fan blades removed/cleaned/
power levers moved to flight inspected iaw MM 71- 00-47 page 103
idle No 2 engine vibration item 150. Re-installed after lubrication.
increased to 3.2 units then Opportunity taken to action same
reduced to 0.5 units. lubrication to No 1 engine fan blades.

All found satis. nil damaged. Vibration
survey actioned as per MM 71-00-00
page 564 test 7 OAT +7°C (1024 Mb)
(30.23 Hg.). No 2 found to be

Top of descent

Maintenance Manual

21



1.7

1.7.1

satisfactory. During vibration survey
eng. posn.l vibration noted as steady
1 unit when throttle retarded to idle -
no noticeable buzz. Post engine shut-
down inspection carried out - nil
untoward noted. Suspect possible
grease settling. AVM interrogation
showed nil problem. CFD 15307/3
raised for information/ flt. report. After
flying day. (Vibration within limit).

The 'action taken' column also recorded the fact that the blade lubricant used was
Molykote Rapid G RV D 61075. The above work was carried out on the night of
17/18 December and the first sector flown thereafter generated the following
comments in the log:-

18.12.89.  No problems noted with Noted. Based on flight evaluation and
either engine vibration after AVM interregation-nil problems
work carried out. recorded considered satisfactory for

service. CFD 15307/3 clrd.

No further comments concerning vibration of either engine were made prior to the
accident. The results of the AVM interrogation covering the last 20 flights may be
found in Appendix 2, fig 6.

Although there appeared to be no other entries relevant to this investigation, it was
noted that a number of entries relating to the serviceability state of the No 1 engine
cowl thermal anti-ice system (TAI) were made between 7 and 9 December 1988.
Whilst it appeared at first that these entries could have indicated a possible source
of ice ingestion into the No 1 engine, for reasons stated in part 2 of this report it
does not now seem likely that this was the case and it is unnecessary to discuss
them.

Meteorological information
General situation

The route from London to East Midlands lay within a moist west-south-westerly
airstream, with a marked temperature inversion around 3,000 feet. The 0°C
isotherm was at 10,000 ft. There was scattered stratus and stratocumulus cloud
between 1,000 feet and 3,500 feet over the southern part of the route and a small
probability of scattered stratocumulus up to 6,500 feet to the north, with thin
patches of altocumulus/altostratus between 14,000 and 17,000 feet.
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1.7.2

1.8

1.9

1.10

Actual weather conditions

The weather at Heathrow at 1950 hrs was reported as: wind velocity 230°/6 kts;
visibility 6,000 metres; cloud 8 oktas stratus, base 500 feet; temperature +9° C;
dew point +9° C; occasional light rain.

The actual weather at East Midlands Airport, reported to the pilot by ATC at 2011
hrs was: wind velocity 250°/10 kts; visibility 10 km; cloud 7 oktas, base 1,700
feet; temperature +9° C; QNH 1018.

Aids to navigation

A non-directional locator beacon (NDB), transmitting on 353.5 MHz and coded
EME, was situated at the outer marker for runway 27 at East Midlands Airport,
4.3 nm from touchdown. The height of the 3° glideslope at the beacon was 1,710
feet amsl. Localizer and glidepath guidance for aircraft landing on runway 27
was provided by an instrument landing system (ILS); the localizer frequency was
109.9 MHz and the coding was I-EME. The NDB and the ILS were checked
after the accident and found to be operating normally.

After the commander declared an emergency, the aircraft was given radar
guidance from Manchester ATC and later East Midlands approach control for it to
intercept the localizer for runway 27 at 6 nm from touchdown.

Communications

All communications were on very high frequency (VHF) radio and were
satisfactory. Tape recordings were available of all frequencies used during the
flight.

Aerodrome information

East Midlands Airport was a licensed public transport aerodrome constructed and
equipped to international standards and operated by East Midlands International
Airport plc. Runway 27 had a landing direction of 273° M, a threshold elevation
of 280 feet amsl and a landing distance available of 2,280 metres. It had high
intensity approach lights, with 5 crossbars, extending for 900 metres from the
landing threshold; and low intensity centreline lighting, with one crossbar,
extending for 420 metres. High intensity green lights with wing bars illuminated
the threshold. Precision approach path indicators were installed for a 3°
glideslope. All these lights were illuminated at the time of the accident.

The approach to runway 27 was over level terrain and passed over the M1

motorway, 1500 metres from touchdown. The southern edge of the village of
Kegworth lay beneath the approach path to the east of the motorway.
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Flight recorders
Flight Data Recorder (FDR)

The aircraft was fitted with a Sundstrand Universal Flight Data Recorder (UFDR)
with a recording duration of 25 hours on magnetic (kapton) tape, and a Teledyne
flight data acquisition unit (FDAU). A total of 63 parameters and 90 discrete
events were recorded. In addition, the FDAU was equipped with a computer type
3% inch 'floppy' disc which recorded 'snapshots' of routine information and data
associated with specific exceedances. The FDR was located in the rear passenger
cabin above the cabin roof, in line with the rear passenger exits.

The UFDR takes flight data into one of two internal memory stores, each holding
about one second of data. When one memory store is full, the data flow is
switched to the other store. While the data is being fed to this other store, the tape
is rewound and the previous second of data is checked. A gap is left on the tape
and the data in the first store is then written to the tape, and the first memory store
emptied. This whole 'checkstroke’ operation takes much less than one second to
complete so that once the other store is full, data is switched back to the first
store, and the other store is written to tape using the 'checkstroke' operation again
to check its data. The procedure is then repeated.

Thus the UFDR tape is not running continuously. The tape first accelerates from
stationary to 6 inches per second to read the previous data block, leaves an inter-
record gap and then writes the new data block. The tape then slows and rewinds
ready to begin the next 'checkstroke’ operation. A total of 0.48 inches of tape is
used to record one block of data and inter-record gap.

Data is formatted by the FDAU into one second subframes, each subframe begins
with a synchronisation code, and is followed by the other parameters in a 64
word set format. The start of a block of data stored in the internal memory may
not coincide with the start of a subframe, so when a block is recorded onto tape it
is preceded by 'pre-amble’ data bits and followed by 'post-amble’ data bits.
These bits of data are recognised during replay and removed, producing a
continuous datastream. The start of a frame is identified from the synchronisation
code.

When power is lost from the recorder, the data held in the volatile memory which
has not been recorded on the tape is lost. As can be seen from the way in which
data is temporarily stored on this UFDR and then recorded, this can mean that up
to 1.2 seconds of data may be lost just before impact. Analysis of the raw signal
on the UFDR tape from ME showed that the recorder had completed writing the
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contents of one memory store to tape, and this stopped at word 30 subframe 2. It
was not possible, in this case, to know exactly how much data had been lost, and
obviously as this was the last information prior to impact, such data could have
been important to the investigation.

Where the parameters recorded were those presented to the crew on the EIS
system, with the exception of vibration and engine oil temperature, the UFDR
derived its information from the EIS. Each parameter from the EIS was treated in
a similar way. Analogue signals from the sensors were supplied to the EIS where
they underwent some signal conditioning and were digitised. The average of 8
samples was taken and passed through a software filter which provided a simple
exponential lag. The filter output was subjected to a hysteresis level in order to
improve the display stability. This hysteresis output was converted back to an
analogue signal and fed to the FDAU then to the UFDR. The hysteresis output
was also taken through further minor processing before being used to drive the
counter display. It was converted to binary coded decimal (BCD) and stored in
random access memory (RAM) in the required format for the counter display.
The RAM contents were transferred to the display board under interrupt control.

The pointer display was also derived from signals taken from the filter output
which were subject to a different hysteresis level before being scaled for the
pointer, stored in RAM, and fed to the display under interrupt control. A
simplified block diagram of the signal path is shown in Appendix 4, fig 1.

The vibration signals to the UFDR came directly from the AVM. All four
vibration levels (LP compressor, LP turbine, HP compressor and HP turbine)
were taken from the AVM and fed to the FDAU. They were then recorded at a
sampling rate of once every 64 seconds. The route to the secondary EIS vibration
displays was different in that the AVM sampled only the two compressor levels
for each engine, it then detected the higher of these two levels and output only that
signal to the EIS.

FDR data analysis

Appendix 4, fig 3 shows a plot of the engine parameters from 20.04 hrs as the
aircraft was passing 26,000 ft at 300 kts calibrated airspeed (CAS) on the climb,
until the final impact. The initial problem with the No 1 engine occurred at
28,300 ft, 295 kts CAS. The No 2 engine was throttled back as the aircraft began
a descent from 30,000 ft and was then shut down at 20.07 hrs, 2 minutes and 7
seconds after the start of the first fluctuations of N1 on the No 1 engine. Power
was reduced on the No 1 engine, and during the descent this engine was at flight
idle for a period of 10 minutes. The power on the No 1 engine was increased at
20.20 hrs, at an altitude of 3000 ft, as the aircraft approached EMA.
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Appendix 4, fig 4 shows the engine vibration parameters for the same period.
These are recorded once every 64 seconds, but it can be seen that although the
initial N1 fluctuations on No 1 engine lasted only some 22 seconds, the N1
compressor vibration levels on this engine remained at maximum for about 3
minutes. They decreased significantly once the No 1 engine was brought back to
flight idle for the descent. Because of the low sampling rate for the vibration
levels, it was not possible to determine exactly when the high vibration levels
started. (see paragraph 1.16.3)

The maximum value which could be recorded by the FDR for vibration levels was
5 units. The values recorded for the N1 turbine and compressor levels on the
No 1 engine corresponded to this maximum value after the initial engine vibration
problem, and returned to this level some 4 minutes before impact as power was
increased during the final approach. The actual level of vibration could have been
much higher.

The No 1 engine N2 compressor and turbine vibration levels also showed a slight
increase as the initial problem occurred and again when the power was increased
on the No 1 engine during the final approach, although the levels were lower than
those associated with the N1 compressor and turbine. The vibration levels on
No 2 engine were normal throughout, and fell to zero once this engine had been
shut down. The vibration level displayed to the crew on the vibration gauge
would have been the N1 compressor level.

Appendix 4, fig 5 shows a more detailed plot of the initial engine parameters
during the 'first event'. It shows that the No 1 engine fluctuations in N1, from
the steady climb value of 99% to a minimum value of 74%, lasted for 22 seconds.
There was also a slight rise and then fall in N2 from the steady climb value of
96%, to almost 97%, and back to around 93%. The EGT on No 1 engine also
rose from the steady climb value of 780°C to a maximum of 900°C and then
remained constant at around 830°C. No 1 engine fuel flow also dropped during
this period. Just before the end of these fluctuations the autothrottle was
disconnected and the power lever of the No 2 engine was moved to idle. At this
time the No 1 engine stabilised at 96% N1, where it remained until it was throttled
back for the descent. Throughout this time all indications on the No 2 engine
remained steady and normal.

Appendix 4, fig 6 shows the final seconds of data from the FDR. The final
sample of pressure altitude was 192 ft, based on 1013 mb. This corresponded to
a height of 328 ft above mean sea level (amsl). The first impact of the aircraft
with the ground occurred at 265 ft amsl. The last sample of radio altitude
recorded was 30 ft above ground level (agl), and was recorded in word location
29, just before the recorder stopped at word 30.
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The final second of data recorded on the FDR showed the aircraft in a nose-up
pitch attitude of 15.1°, and a roll attitude of 4.8° to the right. The speed was 115
kts CAS. The final vane angle of attack recorded on the FDR was 26.4°,
equivalent to 20.2° body angle of attack. The stick shaker was set to operate at
body angles of attack above 16.7° and this angle was first exceeded 7 seconds
before the FDR stopped. The recorded speed at this point was 124 kts CAS.
This is shown in Appendix 4, fig 7 which gives the final flight path from a
distance of 6 n.m. to the end of data. Stick shaker operation is not recorded on
the FDR.

The actual speed at which the stick shaker operated would have depended on the
rate of approach to the stall. In a steady stall entry, the stick shaker angle would
correspond to a speed of 116.7 kts equivalent airspeed (EAS). The final speed
on the FDR of 115 kts CAS was equivalent to. 115 kts EAS for the prevailing
flight conditions. For the configuration before impact the 1g stall alpha body
angle of attack was 20.4°, which would correspond to a speed of 114.4 kts EAS
in a normal stall entry.

Cockpit voice recorder (CVR)

The aircraft was equipped with a Fairchild model A100 CVR which was mounted
at the rear of the aft baggage hold, on the right side. It was a slightly unusual
installation in that it used a Sundstrand microphone monitor. This monitor
contained the cockpit area microphone and was mounted in the overhead
instrument panel on the flight deck.

The Fairchild CVR was of the usual 30 minute duration, endless loop type. It
recorded on 4 tracks, the allocations of which were as follows:-

TRACK 1 - Commander's 'live' microphone (mic) and headset signals
TRACK 2 - Flight deck area mic.

TRACK 3 - Cabin address

TRACK 4 - Co-pilot's 'live’ mic. and headset signals

The recorder was recovered from the aircraft on site. It was undamaged and a
satisfactory replay was obtained using the AAIB's replay equipment. The audio
quality of the CVR was good and a full transcript was produced for the period
from the later stages of the climb until the end of recording.

CVR transcript significant events

From the CVR it was apparent that the first indication of any problem with the
aircraft was as it approached its cleared flight level when, for a brief period,
sounds of 'vibration' or 'rattling' could be heard on the flight deck. There was an
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exclamation and the first officer commented that they had 'GOT A FIRE'. The
autopilot disconnect audio warning was then heard, and the first officer stated
'ITS A FIRE COMING THROUGH'. The commander then asked 'WHICH
ONE IS IT?, to which the first officer replied, 'ITS THE LE..ITS THE RIGHT
ONE'. The commander then said 'OKAY, THROTTLE IT BACK.'

London ATC was then called by the first officer, advising them of an emergency,
after which the commander asked for the engine to be shut down. The first
officer began to read the checklist for 'Engine Failure and Shutdown' but was
interrupted by ATC calls and the commander's own calls to the operating
company during which the decision was made to divert to East Midlands.
Approximately 2 minutes after the initial 'vibration' the final command was given
to shut down the engine. The first officer then recommenced the checklist and 2
minutes 7 seconds after the initial engine problem he moved the start lever of the
No 2 engine to 'OFF'. He then started the APU. Throughout this period no fire
audio warning was heard.

The aircraft then started the descent to East Midlands Airport and the commander
made his first announcement to the passengers during which he mentioned that
they had had a problem with their right hand engine which had produced some
smoke in the cabin. The flight crew were then fully occupied with the relevant
checklists, calls to the operating company and ATC, who were routeing them into
East Midlands, and reprogramming the flight management system (FMS) for an
East Midlands diversion, with which they had some difficulty. During this period
they also briefly discussed the symptoms that had occurred initially and the
commander mentioned 'RAPID VIBRATIONS IN THE AEROPLANE -
SMOKE'.

The flight proceeded until the aircraft was on final approach with the landing
checklist completed. Just after they had confirmed with East Midlands ATC that
the right engine had been shut down, there was a crackling noise on the CVR,
possibly due to electrical interference. This occurred 54 seconds before the first
ground impact. Leading up to this event there were significant changes in the
frequency content of the background noise on the CVR area microphone, which
are discussed in paragraph 1.11.5. These changes would probably not have been
audible to the crew.

Immediately following this, a transmission was made to the tower indicating that
the crew was having trouble with the second engine as well and the commander
asked the first officer to "TRY LIGHTING THE OTHER ONE UP - THERE'S
NOTHING ELSE YOU CAN DO'.

36 seconds before impact the (No 1 engine) fire bell sounded. The first officer
asked the commander if he should shut this engine down. The commander
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replied in the negative. The CVR recording then indicated their intention to
'stretch the glide', but at 29 seconds before impact the ground proximity warning
system (GPWS) 'glideslope’ warning commenced and continued with increasing
repetition rate, indicating that the aircraft was steadily diverging below the
glidepath. The commander twice said 'TRY OPENING THE OTHER ONE UP'
and each time the first officer said 'SHE'S NOT GOING'. At 10 seconds before
the impact the commander made an announcement to the passengers to
'PREPARE FOR CRASH LANDING' (repeated). The stick shaker was then
heard operating, followed by the sounds of impact.

Relevant comments from the CVR transcript are shown in relation to the FDR
information in the Appendix 4, figs 2,5 & 7.

CVR frequency analysis

An analysis was carried out of the frequency content of the background noise
from the area microphone. This was done to identify any changes in the
frequency signatures that might have indicated an engine problem before the crew
became aware of it.

This analysis was carried out using a Hewlett-Packard model 13561A dynamic
signal analyser. The first significant change in the frequency signature occurred
just after the onset of the initial vibration and smoke, when harmonics of the
frequency associated with 'once per revolution' of an LP shaft became detectable.
This was indicative of either vibration of the shaft, damage to a limited number of
blades on the shaft, or a combination of the two. The amplitude of the dominant
frequencies changed with the variations in power taking place, but became
particularly high just before the No 1 engine was throttled back to flight idle for
the descent. Thereafter, and up until power was increased for the final approach,
the frequencies associated with the LP shaft were not detectable. Appendix 4, fig
8 shows comparisons of the signatures of frequencies up to 625 Hz for the start
of the CVR tape (aircraft level at 6,000 ft); the climb; and significant points
immediately after the first event.

As the No 1 engine power was increased on the final approach, the frequencies
associated with the LP shaft once again became detectable, and varied with the
changes in engine speed. They became increasingly audible during replay of the
area microphone track in the AAIB audio laboratory until the point at which the
‘crackle’ was heard, when they were no longer detectable. This was indicative of
this second event also having been associated with the LP shaft (the FDR data
showed a sudden drop in the No 1 engine N1 coincident with this point). These
changes in audio content were probably not detectable by the crew within the
flight deck environment. Appendix 4, fig 9 shows a comparison between the
signatures just before, and just after, this second event.
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Wreckage and impact information
On site

The AAIB on-site inspection of the wreckage and site started shortly after
midnight on 9 January. The salvage of the wreckage commenced on 10 January
and the site was cleared by 1700 hrs on 13 January, at which time the
Leicestershire Constabulary re-opened the closed section of the M1 motorway.

The positions of all controls and switches on the flight deck were recorded.
Those relevant to the investigation were:

Engine start levers CUTOFF

Fire handles not pulled

No 1 engine start switch OFF

No 2 engine start switch OFF

Igniter select switch L (left ignition system)

Left air conditioning pack switch AUTO

Right air conditioning pack switch AUTO

Isolation valve switch AUTO

No 1 engine bleed air valve switch ON

No 2 engine bleed air valve switch ON

APU bleed air valve switch OFF
Impact sequence

Appendix 3, fig 6 shows a cross-section of the final flight path of the aircraft and
the impact sequence. The angles and attitudes of the first impact were derived
from the ground and airframe markings and compare closely with the final data
available from the FDR, approximately 1 second before the first impact
(paragraph 1.11.2).

The first ground contact was made just before the eastern embankment of the M1
by the tail-skid and aft fuselage, and started 29 metres east of the embankment
boundary fence. The marks created by the two main landing gears started at 14.6
metres (right) and 12.5 metres (left) from this fence, showing that the main
landing gear touched almost simultaneously with the tail. Analysis of the marks
showed that at first impact the aircraft's attitude was:
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Pitch 13° nose up £1°

Roll 4° right wing low £1°
Yaw 4.5° nose left £1°
Track 266°M

The impact velocities were extrapolated from the final FDR readings:
Airspeed 113 knots CAS

Ground speed between 104 kts (CAS corrected for
wind) and 111 kts (from the aircraft
Inertial Reference Unit)

Rate of descent between 8.5 feet/sec (barometric
rate of descent) and 16 feet/sec
(radar altimeter rate corrected for
terrain)

These velocities combined to give an aircraft final flight path angle of between
2.5° and 5°, consistent with the entry angles to the ground marks.

The first impact was sufficiently severe to separate the tail-skid and APU door,
and the drag loads on the two main landing gears failed both legs rearwards. The
airframe was otherwise intact after the first impact. The aircraft had then cut a
swathe through the trees on the eastern embankment. The debris found in this
area was almost exclusively from the wing leading edges and the engine
cowlings.

As the aircraft descended across the motorway it made no contact with the eastern
(ie southbound) carriageway or the central reservation barrier, although the left
wing struck a central lamp standard, fracturing it at its base and removing the
outboard 6 feet of the wing. The only major component to strike the central
barrier was the right main landing gear leg, but its position showed that this was
after it had separated from the airframe. '

The second, and major, impact occurred when the nose contacted the base of the
western embankment. The first contact was made by the nose wheel on the road
surface, followed, within approximately 0.1 seconds, by the nose radome
striking the embankment and the engine nacelles striking the road surface. The
nose landing gear failed rearwards, the nose crushed against the embankment and
both engine support structures failed upwards. For this second impact, analysis
of the marks indicated an attitude of:
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Pitch between 9° and 14° nose down

Roll 2.5° right wing low *1°
Yaw 0°x2°
Track 266°M

There was no indication of velocity at the second impact from either the FDR or
the aircraft instrumentation. Initially, to give boundary values for the impact
simulation (paragraph 1.16.4) a simple calculation of the ballistic trajectory from
the first impact was made, giving velocities at the second impact of:

Resultant 50.0 metres/sec (97.2 knots)
Horizontal 48.9 metres/sec (95.1 knots)
Vertical 14.4 metres/sec (28.0 knots)
Flight path 16.4° below horizontal

A first-order aerodynamic calculation using lift coefficient data from the aircraft
manufacturer and mid-trajectory values of airspeed and angle -of-attack gave a
lower boundary approximation of velocities at the second impact:

Resultant 39.4 metres/sec (76.6 knots)
Horizontal 37.9 metres/sec (73.7 knots)
Vertical 11.1 metres/sec (21.6 knots)
Flight path 16.4° below horizontal

The above values were used for, respectively, 'Run 2' and 'Run 3' of the
KRASH impact simulation (paragraph 1.16.4). At a later stage in the
investigation, the Boeing Company contributed an analysis of the impact
sequence to provide a set of parameters for the second impact. This analysis used
a non-linear dynamic finite element model to simulate the aeroplane response in
the first impact and the 737-400 engineering simulator at Boeing for the analysis
of the trajectory between the impacts. This analysis gave parameters at the second
impact of:

Resultant: 51 metres/sec (99 knots)
Flight path 12° below horizontal

Pitch attitude 14° below horizontal
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The velocity change in the second impact can only be estimated. For example,
based on the measured crush distance of approximately 2.6 metres along the
direction of motion in the nose area, a 25% change of velocity (from 51 m/sec) in
the second impact would give a pulse with a mean deceleration of about 22g,
lasting about 60 milliseconds.

After the second impact the forward fuselage separated from the centre section
and both structures decelerated as they cut through the trees on the western
embankment; the tail section buckled over, and to the right of, the centre section.
The forward fuselage came to rest 27 metres from its position at the second
impact whereas the centre section, attached to the wing, came to rest in 21 metres.

Airframe structural damage

Two major structural failures of the fuselage occurred in the impact, one slightly
forward of the wing leading-edge (approximately stations 500B to 500D) and one
aft of the trailing-edge (approximately stations 727G to 827). These failures left
the structure in 3 principal sections (Appendix 3, fig 7). In addition, all 3 landing
gear legs and both engine supports failed (paragraph 1.12.1.2.1), without
rupturing the fuel tanks.

The nose section sustained considerable crushing in the lower flight deck area and
the belly skin disintegrated along the length of the passenger cabin. The floor of
the forward passenger cabin was entirely disrupted (paragraph 1.12.2.7).
Inspection of the stubs of floor beams which were still attached to the fuselage
frames indicated that the failures were, aft of body station 380 (ie.seat row 1 and
aft), in a forward and downward sense. The nose landing gear failed rearwards
and the lower portion of this landing gear leg, including both wheels, became
detached. Forward of station 380 the cabin floor was deformed upward by the
presence of this detached nose landing gear leg and the forward electrical
equipment.

The centre-section remained intact and the wings remained attached, although the
leading-edges of both wings were extensively damaged by contact with the trees
on both embankments. The outboard 6 feet of the left wing separated, but this did
not affect the wing fuel tank, which was inboard of the failure. Part of the centre-
section keel beam was displaced upward and exhibited ground contact evidence
which corresponded with ground marks on the western carriageway.

The tail section was almost inverted, but had sustained less damage than the other

fuselage sections. The lower lobe had suffered an upwards compressive
displacement of some 14 inches in the first impact and the tail-skid had been torn
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out, without displacement of the crushable cartridge. This failure had caused
detachment of the grounding point for the tailplane jackscrew, releasing the
tailplane from its trimmed position.

Separation of main landing gear legs and engines

On the Boeing 737-400 both the engine and main landing gear (MLG)
attachments were designed so that, in otherwise survivable accidents, separation
of the engines or MLGs would not cause rupture of the wing fuel tanks.
Calibrated ‘'fuse pin' bolts were, therefore, incorporated into the design of the
attachments to ensure maintenance of the structural integrity of the wing box spars
and skins during ground impact conditions.

In this accident, examination of the MLG legs and the associated wing
attachments showed that both legs had separated cleanly at the initial impact. The
forward trunnion fuse bolts had failed first and the aft trunnions had then rotated
out of their respective main landing gear beams.

The engines were intended to separate cleanly from the wing at the junction
between the engine pylon and the wing leading-edge. The No 1 engine was found
to have separated benignly (ie without rupturing the wing fuel tank). All the fuse
pins were found intact, however, and the major break had occurred within the
pylon itself, approximately in the vertical plane of the forward wing spar. The
pylon attachment at the upper wing skin had also failed.

The No 2 engine pylon failures on the right wing were almost identical and the
wing fuel tank had not been ruptured by the pylon failure. On this (No 2 engine)
side the attachment at the upper wing skin had 'lifted' but had not completely
separated.

Initial engine examination

Both engines had remained partially attached to their respective pylons and these
in turn were still partially attached to the aircraft wings. The nacelles of both
engines had been severely crushed and large sections of their forward parts had
detached during ground impact before the aircraft came to rest.

Right (No 2) engine

The right engine intake had been fragmented during the groundslide from the
motorway to the final position. Only the rear left segment of the intake liner had
remained attached to the fan frame. The only other forward cowling parts which
had remained attached to the engine were the upper hinge support beam and
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fragments of the clamshell doors on either side. The remainder of the forward
cowlings and intake was spread in fragments between the point of engine impact
on the motorway and where the engine came to rest.

The core exhaust duct had been crushed between the pylon and the ground and
the rear engine frame was severely distorted. The forward end of the engine was
heavily clogged with earth and tree debris, but none of the fan blades had suffered
significant leading edge damage. The fan case had been severely distorted,
pushed aft and crushed towards the engine axis over its lower arc. In this sector
the fan blades had been severely bent, both in and against the normal direction of
rotation and some were broken with their detached fragments retained, generally
adjacent their respective blades. The fan case distortion had also trapped and bent
blades at various places around the fan periphery. The fan blade tips had been
driven into the fan casing abradable liner, with little or no evidence of fan
rotation. These blade contacts had left sharp imprints of blade tips in the
abradable material, which was otherwise generally in its normal condition. The
accessory drive gearbox on the lower left of the fan case had been severely
ruptured and the accessories themselves, including the fuel control and lubrication
systems, badly disrupted. There was no evidence of fire on the outside of the
engine, nor on any of the nacelle sections.

Left (No 1) engine.

The left engine nacelle had suffered similar ground impact damage to that of the
right, except that there was a greater portion of the forward cowling still attached
to the hinge beam and a segment of the intake lip from the upper right quadrant
was still attached to the engine by the intake lip anti-icing air duct. The intake
duct had been fragmented and only a short stub remained attached to the fan
frame. The core exhaust duct was similarly crushed, but the rear frame was
rather less distorted than that on the right engine. The forward end of this engine
was also clogged with earth and tree debris. There were, however, two major
differences in the appearance of the left engine; one being the condition of the fan
and the other, the presence of fire damage.

The fan blades of this engine had been very severely damaged by hard object
ingestion and a large number of blade fragments were found lying forward of the
fan disc. Most of the blades had fractured at part span positions and many were
in two or more fragments. A number of blade fragments were recovered from the
area between the impact point of the left engine on the motorway and the final
position of the engine. As in the case of the right engine, the lower quarter of the
fan case had been crushed upwards, driven aft and several blades were trapped
between the fan disc and the case. It was observed that the fan case abradable
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seal material was completely missing and the acoustic panels, both fore and aft of
the fan, were either missing or badly scarred.

The engine had also suffered severe fire damage to its forward outboard region.
The fire appeared to have emanated from the base of the engine fan case, around
the fuel system, and had affected the entire left side of the outside of the fan case
including the associated components and pipework. The fire resistant outer
covers of the main low pressure fuel feed flexible hose from the pylon, and a
section of the metered fuel pipe to the fuel flow meter, had both been burned
away. Only the reinforcing braid and decomposed parts of the inner liners of
both fuel hoses remained. There was a localised clean area on one of the
component attachment brackets below the fuel flow unit which had the appearance
of having been 'fuel washed' as a fire had burned around it, or had been masked
from the flame. There was also an area around the front of the fan case, where
the electrical power cables from the generator were routed, which appeared to
have been subjected to a more intense fire than the rest of the fan case area. The
fire had burnt the left side forward clamshell cowling and had extended up to the
hinge beam. It had also entered the fan case, and had affected about two thirds of
the case in the left hand and upper segments. Many of the blades in this sector of
the fan were heavily sooted. None of the fire damage in this area was indicative
of having occurred in a flight speed slipstream.

There was a second area of fire damage, which appeared to be separate from the
main zone. This area was on the trailing edge of the left side of the fan duct.
There were some black streaks which extended diagonally aft and upwards to this
fire affected area, from a position on the underside of the cowling where the
forward clamshells fasten together at the cowling firewall bulkhead. The forward
cowling sump and drain was located in this area.

Engine wreckage trail

Most of the engine components which had broken free were located between the
point at which the engines had struck the motorway and where the engines came
to rest. However, witness reports had described burning pieces falling from the
aircraft when it had been above Sutton Bonnington, some 2 nm. short of the
accident site. Ground searches of this area produced a number of fragments
which appeared to be parts of titanium alloy fan blades and several pieces of fan
case acoustic liner, liner attachment bolts and washers. These were all found in a
well defined area close to the piggery of the Sutton Bonnington agricultural
college.
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Subsequent detailed examination
Engines

Both engines, complete with their remaining cowlings and pylons, were removed
from the wings and taken to the operator's base. Here, the filters and magnetic
chip detectors of the left engine lubrication system were examined and the core
engine compressor of No 1 engine and the high pressure turbines (HPTs) of both
engines examined by borescope. (The right engine lubrication system had not
been located and identified at this time.) These inspections did not reveal
significant evidence of internal distress on either engine. The engines were then
transported to the manufacturer's factory for detailed examination under AAIB
supervision.

Right(No 2) engine

Initial external examination of the engine after removal of the cowlings and core
exhaust duct showed that, apart from the obvious deformation of the fan frame
and case, rear frame and low pressure turbine case, the basic engine structure was
only superficially damaged. The lower quadrant of the fan case had suffered the
greatest distortion and had also ingested a substantial quantity of earth and tree
debris. The distortion of the cowlings and crushing from below, which had
resulted from the engine being partially trapped between the wing and ground at
impact, had caused some damage to the pipework. However, all of this damage
was considered consistent with the effects of ground impact. There was also
considerable damage to the linkages controlling the variable stator vanes and
variable bleed valves (VSVs and VBVs). No evidence of any external fire on the
engine was revealed on removal of its cowlings.

After removal of the earth and wood debris from the fan case, it was evident that
the fan blades within the lower outboard quadrant had been severely damaged and
were trapped between the fan case and the booster section intake. The fan blade
fragments were recovered and it was found that, apart from very small pieces
from the tips of two blades, the complete fan had been contained within the case
after impact. Eight of the 38 blades had minor 'nicks' in their leading edges and
these blades were all from the lower quadrant of the fan case where there had
been the greatest distortion and ingestion. Examination of the fan case abradable
liner, after removal of the blades, showed that there was no evidence of tip
rubbing on the abradable surface between the fan blade tip penetrations, indicating
that the latter had occurred with the fan effectively stationary. There was no
evidence of any heat effects on the fan blade tips. A metallurgical examination of
the fan blade fractures showed that they had all failed as a result of bending
overload. The fan case acoustic lining panels showed no evidence of pre-impact
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damage and the fan outlet guide vanes showed no evidence of having been struck
by high energy fragments.

The position and rigging of the VSVs and VBVs was measured. They were
found to be consistent with each other and were in the positions to be expected
either with the engine running at sub-idle speed, or shut down.

The core, booster and LPT modules were completely disassembled. It was
evident that there was some crushing distortion of the lower quadrant of the
booster inlet which had only affected the inlet guide vanes. The other stator
stages and all the rotor stage blades of the booster were undamaged. There was
evidence, from static impact marks on the case liners and internal seals, of an aft
and upward movement of the LP shaft relative to the core. The rear bearing
support housing had also been forced aft, causing failure of its retaining bolts.

Apart from these features the internal condition of the engine was consistent with
that of a fully serviceable, low time engine which had had very little or no
rotational energy at impact. There was no evidence of overheating of either the
HP or LP turbines, nor of any distress or malfunction in the combustion section.
There was no evidence of hard foreign object ingestion on any of the compressor

or turbine blades, nor of abnormal rubbing of blade tips or rotating seals whilst

the engine had been turning. Examination of all bearings showed that none had
any significant wear or sign of overheating, nor was there any evidence of failure
or internal leakage of the engine lubrication and cooling air systems. Examination
of the lubrication system filters and magnetic chip detectors showed no evidence
of pre-crash distress.

Left (No 1) engine

After removal of the cowlings and exhaust duct it was observed that, apart from
the difference in fan damage and the evidence of fire around this engine, it had
suffered very similar external mechanical damage to that on the right engine.

The position and rigging of the VSVs and VBVs was measured. They were
found to be consistent with each other and were in the positions to be expected
with the engine running within +4% of 71% core speed.

Disassembly of the booster, core and LPT modules revealed considerable
evidence of rotation of both shafts at moderate speed on impact. Earth had been
ingested through both compressors and there was baked earth on the HPT
nozzles. There was evidence throughout the engine of severe, and
circumferentially uniform, rubbing of blades on their tip paths and of all rotating
seals. The LPT rotor blades had also suffered considerable tip rubbing as a result
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