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FOREWORD
THEAIRPLANEACCIDENTNVESTIGATION BUREAU OF ETHIOPIA

TheEthiopian Airplane Accident Investigation Bureau (EAIB) is the investigation authority in Ethiopia
responsible to the Ministry of Transport and Logistics for the investigation of civil Airplane accidents and
serious incidents in Ethiopia.

The mission of the EAIB is to promote aviation sdety through the conduct of independent, separate
investigations without prejudice to any judicial or administrative action consistent with Annex 13 to the
Convention on International Civil Aviation.

The EAIB conducts the investigations in accordance witlthe proclamation No 957/2016 and Annex 13 to the
Convention on International Civil Aviation Organization, which governs how member States of the
International Civil Aviation Organization (ICAO) conduchirplane accidentinvestigations internationally.

The investigation process involves the gathering, recording and analysis of all available information on the
accidents and incidents; determination of the causes and/or contributing factors; identification of safety
issues; issuance of safety recommendations faddress these safety issues; and completion of the investigation
report. In carrying out the investigations, theEAIBx E1 I AAEAOA O )#1 /80 OOAOAA
O4EA O1T1T A TAEAAOGEOA 1 £ OEA EIT OA 6Oe@iew@iibn of dcoents and A A
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|.ORGANISATION OF THE INVESTIGATION

On 10" March 2019 at around 05:4UTG the FDRE Ministry of Transpor& Logisticsand EAIB were informed
the loss of radio and raar contact with flight ET 302 a few minutes after takeoff from Addis Ababa Bole
International Airport.

After having established without doubt that theAirplane had disappeared, the Ethiopian Authorities launched

a technical investigation team. In accatance withAOOEAT A ¢ T £ OEA #1171 OKrpldd& T 1
AccidentAT A )T AEAAT O )1 OAOOECAOEI T o6h AT ) EAXBANOStgaZolsOVES 1
formed by a ministerial decree issued by the Minister of Transpo& Logistics in order to conduct the
investigation. An investigatorin-charge (lIC) was designated in the same decree to lead and initiate the
investigation immediately. As per Annex 13 provisions, in the investigation participated:

ECAA and Ethiopian Airlines GroupTechnical Advisors toEAIB

NTSB- Accredited Representative State of Design and Manufacturer

BEA- Accredited representative, State which provided facilities & experts for the read out of DFDR & CAfRl
EASA Accredited representative during the prelimnary report only

As per the Ethiopian Government decision and agreement between thEAIB and the French Bureau

Ad %l (OO A@kalysaDi OO 1T A Oi AOOEOT AA 1 6AOEAOQOEIT AEOEI A j
facilities at Le Bourget, near ParisFrance. Both recorders were transported directly to the BEA under the
custody of the State of Occurrencaccompanied by members from thé€EAIB and readings were performed by
BEA personnel in association with and under the direct supervision of the 118t the request of Ethiopia and as

per Annex 13 Article 5.23, BEA has appointed an accredited representatigad assistedEAIB for the analysis

of FDR data.

For this investigation, working groups wereinitially built up as follows:

¥ Operations

¥ Maintenance &Airworthiness

¥ Power plant

FDFDR and CVR
Later on the group merged into operations, systens and DFDR CVR group until thisinvestigationreport
prepared.
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A Search & Rescue (SAR) team performed search by Ethiopian Air force, Ethiopfanines Group and
Abyssinian flight service. Search operations were conducted in full coordination with Federal, Regional police
and other Government bodies.

[I. ACRONYMS
AC Advisory drcular
ACO Airplane Certification Office
ADIRS Air Data Inertial Reference System
ADIRU Air Data Inertial Reference Unit
ADM Air Data Module
AD Airworthiness Directive
ADR Air Data Reference/Air Data System
ADC Air Data Computer
ADS Air Data System
AFCS Automatic Flight Control System
AFDS Autopilot Flight Director System
AGB Accessoy Gear Box
AGL AboveGround Level
AFM Airplane Flight manual.
EAIB Accident Investigation Bureau
Alpha vane Angle of Attack Vane
AMM Airplane Maintenance Manual
AML Airplane Maintenance Log
ARM Armed
AND Airplane Nose Down
ANU Airplane NoseUp
AOAS Angle Of AttackSensor
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AOC Air Operator Certificate

AP Auto Pilot

APU Auxiliary Power Unit

ARINC Aeronautical Radio Incorporated

AIT Auto-Throttle

ATC Air Traffic Control

ATPL Airline Transport Pilot Licence

BASOO Boeing Aviation SafetyOversight Office

BEA "OOAAO AGwl NOd OAOAO Ad!1 Al UOAO bi OO

BOV Bias Out of View

CAS Computedor calibrated Air Speed

CG Center of Gravity

CGD Crew General Description

CGO Cargo

CLB Climb

CMD Commandz Auto pilot may engage in command (CMD) or in Control Wheel
Steering (CWS)

CPL Commercial Pilot Licence

CPN Certification Project Notification

CRM Crew Resource Management

CsSMuU CrashSurvivable Memory Unit

CVR Cockpit Voice Recorder

CWS Control Wheel Steering

DFDAU Digital Flight Data Acquisition Unit

DFDR Digital Flight Data Recorder

DFCS Digital Flight Control System

DME Distance Measuring Equipment

DPC Display Processing Computer
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DSCO Deligation Systems Certification Office
DU Display Unit

EAIB Ethiopian Accident Investigation Bureau
EASA European Aviation Safety Agency
ECAA Ethiopian Civil Aviation Authority

ECAB EngineeringCab (Flight Simulator)
ECARAS Ethiopian Civil Aviation Rules and Standards
ECO Engine Certification Office

EDFCS EnhancedDigital Flight Control System
EEC Electronic Engine Control

EFS Elevator Feel &ift

EFIS Electronic Flight Instrument System
EGPWS Enhanced Ground Proximity Warning System
EGT Exhaust Gagemperature

EIS Entry into Service

EWIS Electrical Wiring Interconnection System
FAA Federal Aviation Administration

FAR Federal Aviation Regulation

FCC Flight Control Computer

FCOM Flight Crew Operating Manual

FCTM Flight Crew Training Manual

F/D Flight Director

FCTR Flight Control Test Rig

F/IO First Officer

FOM Flight Operation Manual

FDAU Flight Data Acquisition Unit

FDR Flight Data Recorder
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FL Flight Level

FMA Flight Mode Annunciator

FMC Flight Management Computer
FTA Fault Tree Analysis

Fw Failure Warning

GA Go Around

GE General Eletric

GPS Global Positioning System
GPWS Ground Proximity Warning System
GVI General Visual Inspection

HAAB Addis Ababa Bole

HDG Heading

HPC High Pressure Compressor

HPT High Pressure Turbine

HUD Head Up Display

IAS Indicated Airspeed

IC Investigation committee

ICAO International Civil Aviation Organization
IFSO In-flight Security Officer

lc Investigator In Charge

IR Instrument Rating

IRS Inertial Reference System

ISFD Integrated Standby Flight Display
ILS Instrument Landing Sysem
KCAS Knots Calibrated Airspeed

Kt Knots

LBS Pound
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LGT Light

LGW Landing Weight

LMC Last Minute Change

LPC Low Pressure Compressor

LE Leading Edge

LH/RH Left Hand, Right Hand

LNAV Lateral Navigation (A/P or F/D mode)
LPT Low pressure Turbine

MAC Mean Aerodynamic Chord

MCAS Maneuvering Characteristics Augmentation System
MCO Military Certification Office

MCP Mode Control Panel

MCP Master Certification Plan

MEL Minimum Equipment List

MLB Maintenance Log Book

MMO Machnumber z Maximum Operating value
MRO Maintenance Repai& Overhaul

MPL Multi crew Pilot Licence

MSA Minimum Safe Altitude

N/A Not Applicable

NDT Non Destructive Testing

NCD No Computed Data

NM Nautical Miles

NOTAM Notice to Air Men

NTSB National Transportation Sfety Board
OoMB Operational Manual Bulletien

oM Operation Manual
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ODA Organization Designation Authorization

PC Personal Computer

PCU Power Control Unit

PF Pilot Flying

PFD Primary Flight Display

PLI Pitch Limit Indicator

PNL Programme Notification Letter

QNH Altimeter sub-scale setting to obtain elevation when on the ground

QRH Quick Reference Handbook

RA Radio Altitude

RH Right Hand

RUDOL Navigation Waypoint near LakeTurkana, on the Ethiopia/Kenya border
j £l O0i Aol U , AEA O0206A0I 1 EbQ

RWY Runway

SAE Safran A/C Engine

SAR Searchand Rescue

SAT Static Air Temperature

SHALA , AEA O3EAI Ao

SMYD Stall Management and Yaw Damper

SMS Safety Management System

SPD Speed

SRM Safety Risk Management

STAB Trim Stablizer Trim

SSEC Static Source Erro Correction

SSA System SafetyAnalysis

SSM Status Sign Matrix

STS Speed Trim. System

SWS Stall Warning System
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TAS True Air Speed

TAF Terminal Aerodrome Forecast

TAT Total Air Temperature

TC Type Certifiate

TCDS Type CertificateData Sheet

TE Trailing Edge

TEM Threat and Error Mmanagement
THR HLD Throttle Hold (A/T mode)

TGB Transfer Gear Box

TO Take Off

TOGA Take Off / Go Around

TRA Throttle Resolver Angle

TWY Taxi Way

UPRT Upset Prevention and Recovery Training
uTC Coordinated Univeisal Time

VHF Very High Frequency

VFR Visual Flight Rule

VMO Velocity z Maximum Operating value
VNAV Vertical Navigation (A/P or F/D mode)
VOR VHF Omnidirectional Range

VS Vertical Speed

YD Yaw Damper
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[ll. SYNOPSIS

The Accident was notified by theoperator/AT Cto the Accident Investigation Bureau the same day right after
the accident occurred.

TABLE1: SYNOPSIS

Airplane Boeing737-MAX8 registered ET-AVJ

Date and time 10 March 2019 at 05:44 UTC

Operator Ethiopian Airlines Group

Place of the Accidnt 28 NM South East of Addis AbabBole International Airport

Type of flight Scheduled passengers flight EBO2
Addis Ababa (Ethiopia)z Jomo Kenyatta (Kenya)

Persons on board Captain; FirstOfficer; 5 Cabin Crew; 1 In Flight Security Officer (IFSO);
149 passengerdrom different countries with different nationalities

Consequences and damag| 157 fatalities; Airplane destroyed

IV.EXECUTIVE SUMMARY

On March 10, 2019, at 05:38 UTG&thiopian Airlines flight 302, Boeing 737#8(MAX), ET-AVJ,took off from
Addis Ababa Bole International Airport bound to Nairobi, Kenya Jomo Kenyatta Internationahirport.

ET302 was beingoperated under the provisions of the Ethiopian Civil Aviation Regulations (ECARAS) as a
scheduled international flight between Addis AbabaBole International Airport (HAAB), Ethiopia and Jomo
Kenyatta Int. (HKJK)Nairobi, Kenya It departed Addis Adaba with 157 persons on board: 2 flightcrew (a
Captain and a First Officer), 5 cabin crew and one IFSO, 149 regular geg®ers.

At 05:36:12 the Airplane lined up on runway 07Rat field elevation of 7,656 ftwith flap setting of 5 degrees

and a stabilizer trim setting of 5.6 unit$. Both flight directors (F/D) were ONwith LNAV and VNAV modes
armed. At 05:37:17the F/O reported to Tower ready for takeoff andat 05:37:36ATC issued take off clearance
to ET-302 and adsised to contact radar on 119.MHz.

The takeoff roll and lift-off was normal, including normal values of left and right anglef-attack (AOA). During
takeoff roll, the engines stabilized at bout 94% N1. Shortly after liftoff, the left Angle of Attack sensor
recorded value became erroneous and the left stick shaker activated and remained active unglar the end of
the recording. In addition, the airspeed and altitude values from the left aidata system began deviating from
the corresponding right side values.The left and right recorded AOA values began deviating. Left AOA
decreased to 11.1° thenincreased to 35.7° while theright AOA indicated 14.94°. Then after, the left AOA

Stabilizer trim setting of 5.6 unitst.
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valuereached 4.5° in % seconds while the right AOA reached Blaximum value of 15.3°, the difference
between LHand RH AOA was9°and near the end of the recording it was 49

At 05:39:30, the radar controller identified ET-302 and advisedto climb FL 340 and when ale to turn right
direct to RUDOL. A5:39:51,the selected heading increased frond72° to 197°.

After the flaps were fully retractedhelstautomatic nosedown trim activated and engaged for 9
secondgositioning the stabilizer trim to 2.1 units. The plot flyin g pulled to pitch up the Airplane with a force
more than 90Ibs. He then applied electric trimup inputs. Five seconds after the end of these inputs a second
automatic nosedown trim activated.

At 5:40:22, the second automatic nosedown trim activated. Following nosedowntrim AAOE OAQET 1 ' 07
SINK sounded for 3 scondsand ®ULL UBalso displayed on PFD for 3exondsAt 05:40:43, approximately

five seconds after the end of the crewnanual electrical trim up inputs, a third automatic trim nose-down was
recorded but with no associated movement of the stabilizer

At 05:40:50, the captain told the FOOAAOEOA xA x1T O1 A 1T EEA O 1 ARfidhAET
AT T 00T 1 DOT Al Al oahd tdeFehuesk Was approvédpy ATA. Molving the approval of the ATC,
the new target altitude of 14,000ft was seton the MCPThe Captain was unable to maintain the flight path and
requested to return back to the departure airportAt 05:43:21, approximately five seconds after the last
mainelectric trim up input, an automatic nosedown trim activated for about 5s. The stabilizer moved from 2.3

to 1 unit. Therate of climb decreasedfollowed by a descenin 3s after the automatic trim activation.

One second before the end of the automatic trim activation, thevarage force applied by the crew decreased
from 100 Ibs to 78 Ibs in 35 secondsIn these 35 seconds, the pitch angle dropped from 0.5° nose up 18.8°
nose down and the descent rate increased fror100 ft/min to more than -5,000 ft/min.

Following the last automatic trim activation and despitecalculated column force of up to 110Ibs, the pitch
continued decreasing.The descent rate and the airspeedontinued increasing between the triggering of the
4t automatic trim activation and the last recorded paraneter value. At the end of the flight Computed
airspeed values reached 50Rt, Pitch values were greater than 40° nose down ardkescent rate values were
greater than 33,000 ft/min. Finally, both recorders stoppedrecording at around 05 h 43 min 44s.

At 05:44 The Airplane impacted terrain 28 NM South East of Addis Ababa near Ejere(locatéi8770 N,
39.2516 E) villageat a farm field and created a crater approximately 10 meters deep (lagirplane part found)
with a hole of about 28 meters width and 40 metes length. Most of the wreckage was found buried irhé
ground; small fragments of theAirplane were found scattered around the site in an area by about 200 meters
width and 300 meters long. The damages to thAirplane were consistent with a high energy inpact. All157
persons on board 2 flight crew (a Captain and a First Officer), 5 cabin crew and one IFSO, 149 regular
pasengers were fatally injured.
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1. FACTUAL INFORMATION

1.1 HISTORY OF THE FLIGH

On March 10, 2019, at abat 05:44 UTGC, Ethiopian Airlines flight ET-302, a Boeing 73/MAX8, Ethiopian
registration ET-AVJ, crashed shortly after takeoff from Addis Ababa Bole International Airport (HAAB),
South East of Addis Ababa near Ejere Town. The flight was a regutmheduled international passenger
flight from Addis Ababa to Jomo Kenyatta International Airport (HKJK)Nairobi, Kenya There were 149
passengers and crews on board. All were fatally injured, and theAirplane was destroyed.

The following chronological history of flight was reproduced from verified data retrieved from theAirplane
DFDR CVR, Air Traffic Control (ATC) radarecordings andtranscripts. According to the CVR data and the
control column forces recorded inthe DFDR, the captain was the pilot flying.

Phasel:From takeoff to Autopilot engagement (from 5h 36 min 12 s until 5h 39 min 23 s)

At 5:36:12 the Airplane lined up on runway 07Rat field elevation of 7,656t with a flap setting of 5 degrees
and a stabilizer trim setting of 5.6 unit$.Both flight directors (F/D) were ON with LNAV and VNAV modes
armed. Auto throttle (A/T) was armed.

At 05:37:17the F/O reported to Tower ready for takeoff. ATC advised the crew to stand by. The F/O
confirmed standing by.

At 05:37:36, ATC issued take off clearance to BBD2 andtold the crew to contact radar on 119.7 MHzavhen
airborne. Following the takeoff clearance, the crew advanced the throttle and checked the stability of the
engines parameters.

At 05:37:51, takeoff roll began from runway 07R

At 5:37:53, the crew emaged the automatic takeoff and climb sequence (F/D TO mode and A/T TO
sequence) by pushing the TOGA switch and the A/T movéue throttle forward.

The takeoff roll and liftoff was normal, including normal values of left and right anglef-attack (AOA).
During takeoff roll, the engines stabilized at about 94% N1. From this point for most of the flight, the N1
Reference remained about 94%.

2AII times listed is UniversalCoordinated Time (UTC), as recorded on the FDR.

3The value of 5.6 units was a consistent setting for the takeoff. The stabilizer positions ranges from 0 unit nose down taiiif nose up. A
value of 4 units corresponds to a neutral position.
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At 05:38:14the F/O called 8t.

At 05:38:32 Automatic V1 call

Oncewx AO OAAAEAAR AO muvu q o yadddhe Arpldne 1@t/ AAT 1T AA OOT OAOD/
Atmtuv dopdt 6A OOA 0L & BafdbdutBHt@ddid dtitlude, the flight director roll mode changed to
LNAV.

At 05:38:44, shortly after liftoff, the left and right recorded AOA values began deviating. Left AOA decreased
to 11.1° then increased to 35.7° while value of right AOA indicated 14.94D1 E1 Gn Riyuré 1). Then
after, the left AOA value reached 74.5° in % secondaile the right AOA reached aMaximum value of 15.3°,
the difference between the left and the right ®A valuesdecreased from 59° to approximately 49° near the
end of the recording, prior to the final dynamic behavior that was exhibited

- As a result of the erroneous left AOA value, the left stick shaker activated and the red and black stripe
band exceededhe displayed LH airspeed. The left stick shaker remained actiwmtil near the end of the
recording.

- Right and left altitude and airspeed indications started diverging (the computations of LH values were
affected by erroneous LH AOA values). From thame:

- LH displayed altitude valuesbecamelower than the actual pressure altitude values displayed on the RH
side.

- LH displayed airspeed valuebecamelower than the actual airspeed values displayed on the RH side.

- The left pitch bar and the left fich Limit Indicator (PLI) rapidly moved downward (left pitch bar to -10°,
the PLI to around 0°}.

- The captain reduced the Pitch from 15° to around-8°.

At5:38:48,theO- | 34 %2 #! 54) [-). H%ATIAE ©OF 0@ ) 1 llumiBeied The F/Q cafed dDtE E A
O0- AOGOAO AAOOEIT 1 ghdwiedyed bitle Lapaain.) O xAO AA

‘AnoteinheQRH. T 1 . 1T OIAi -ATTADOOAOG O! PPOI AAE O 30AIT 10 30AIT 2AAI
the stall recovery.
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At 05:38:51:
-TheOEOAE &T$ AAOO AEOADBBAY Anboth RH aBd\LE Prmar® Flighispldy x
(PFD), as the threshold for the comparator between LH and RH F/D pitchsplay below 400ft RA was
reached.

- On the LH PFD, invalid operational speeds, corrupted by the erroneous left AOA value, were displayed
(LH stick shaker speed and LH minimum operation speedbeing greater than the LH computed
airspeed).The current LH airpeed was inside the barberpole of the speed tape (black and red stripes
underlying a dangerougy too low speedor dangerously too high speeil

At 05:38:56, the captainstah A OAT I | AT Ao Ol pilod(A/R) AAPAdiscdihdct wArdng sounded
for 2 seconds.

At 5:38:59,as theAirplane crossed400ft Radio Altitude, VNAV mode engaged. From that time, the F/D TO
mode and associated pitch comparatorwas no longer active and the F/D pitch bars reappeared.

- VNAV pushbutton light illuminated.

- LNAV pushbutton Ight illuminated again.
10 mudowdnph OEA AADPOAEAP dsdohnecloh warnih@soubdet fori2 Ado$Th C A
AADOAET AOEART @8EAOH6O CIEITC
At 05:39:06, the captain requested theF/O to contact ATCradar (point B). The F/O contacted he radar
controller, calling outonO3 (! , ! ¢! AADPAMOGAORE I ADI ADOE imE dhapRH bare
corrected altitude recorded values reached 8,40 the LH barocorrected altitude values were about 400t

lower. During that communication, at 5:39:14 HDG séct mode was manually engaged. The hding
displayed on the MCP wag2° which is consistent with runway heading for RWY 07R.

During the first phase of flight, the Airplane was kept in trim through the use of the crew-initiated main
electric trim commands, there was limited force required on the control column.

BeforeCMD A engaged, the stabilizertrim position was around 5.6 units, with elevator positions around 4°
(consistent with the elevator neutral position for the stabilized flight conditian).
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ET-AVJ
Phase 1

FIGURE 1: PHASE1 FROM TAKEOFF TO AUTOPILOT ENGAGEMENT

Phase 2:Under Autopilot engagement (from 5h 39 min 23 s until 5h 39 min 56s)

At 05:39:23, at about 1,000 feeRadio Altitude, the crew attemptel a third auto-pilot engagement(point C).
CMD A [H autopilot) engaged in HDG/VNAV mode3he pitch trim position started to decrease to 4.6 units.
Six seconds after the autopilot engagement, there were small amplitude roll oscillatior{g 5° of bank)
accompanied by lateral acceleration, rudder oscillatins and slight heading changes. This was most likely the
result of reduced yaw damper gains due to erroneous LH AOA values.These oscillations also continued after
the autopilot was disengaged.

While the autopilot was engagegsystems continued to be suppkdby the erroneous LH AOA values. As a
result, the LHSMYDE computed erroneous LH minimum operational speed valuewhich were higher than

the current LH computed airspeed and the FMC selected airspeed. As the LH minimum operational speed
was greater thanthe FMC selected speed at that time, speed reversion occurred (selection of the erroneous

°Stall Management and Yaw Damper Computer
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minimum operational speed as target speed) and autopilot commanded a pitch down to accelerate towards
the erroneous minimum operating speed.

At 05:39:30, the radar ontroller identified ET-302 and cleared the flightto climb FL 340 and when able to
turn right direct to RUDOL.

At 05:39:37, the F/O read back the clearance to ATC.

At 5:39:38: 800ft above field elevation was reachedwith the reference of the LH barecorrected altitude
reference). As per automatic takeoff and climb sequence design, the A/T switched to the ARM mode.

At 05:39:42, the crew engaged Level Change mode and set MCP speed t&K238
At 05:39:45, flaps retraction was commanded by the captain andeh~/O complied.

At 5:39:51, selected heading increased from 072° to 197°.

At the same time, the captain told the F/O A A v &dunable OANOA OO O1 | AET OATRd C
&7T 1 Adekhdwiedyel T O AT 1 PI EAA xEOE OEA AAPOAET 60 OANOAOC
At 05:39:56, the A/P disconnected automatically(point D) after remaining engaged for 32 seconds as the
following logic conditions were reached:

1 Climb command with climb rate too low for five seconds

At the beginning of this phase, théirplane was climbing with an increasing vertical speed and a trend to
pitch up. Oncethe autopilot engagedt tried to increase the airspeed, because of the minimum speed
reversion (erroneous LH minimum operational speed based on erroneous LH AOA value).

The A/P initially trimmed nose down 0.5 units. This nosedown trimstopped the increase in pitch
at8.4°.Thenthe pitch started to decrease. It also stopped increasg in vertical speed at 1,500 ft/min, which
then also started to decrease.

The engagement of the LVL CHG mode and thew associated target speed most probably led to several
transient AP mode computations leading to the decrease in vertical speed to stop at around 450 ft/min and
the pitch values to stabilize at around 4°. After that, the erroneous excessive minimum speed relhto the
erroneous AOAtriggered again an AP pitch dowcommandto increase the speed. After reaching Maximum
altitude of around 9,100 ft (RHbaro corrected altitude) during this phase, théirplane started descending,
triggering the autopilot to disconnect.

At the end of this phase, the pitch angle was around 1°, the stabilizer was at 4.6 units and the vertical speed
was around-1,400 ft/min Flaps were still moving up.
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FIGURE 2: PHASE 2 DURING AUTOPILOT CONTROL

Phase 3: From A/P disconnect to stabilize r trim cutout (from 5h 39 min 56 s until 5h 40 min 38s)

At the time A/P disconnected, LH pitch F/D bar disappeared due to the same logic conditions that caused the
APdisconnecion. The LH pitch F/D bar appeared and disappeared several times as the climb eataried
above and below the minimum threshold.The PF applied a@ncreasing force towards pitch up.

"AOxAAT vdowduvw AT A vdindgmne OEA AAPOAET OAEAQ62ANC(
control problemsé 8

During this transmission:
At 5:40:00: As the flaps reached the up positiorwith the autopilot OFF and because dhe erroneous left

AOA value, the FCC activated thet Automatic nose down trim(MCAS) during9 seconds.Two seconds after
the MCAS activationthe Gaptain told the F/O: O 7 Are hAving flight control problemsd(point E).

Almost at the same time:

1 On the LH PFD, a red and black stripes band was displayed all along the speed tape. It stayed
displayed until the end of the recording. fie LH computed airspeed was 246t while the RH
computed airspeed was 26Kt.

T "073 $/ .64 3).+ xAOTEIC OI 61 AAA A& O o OAAT T AOS

1 PULL UP message appeared on both PFD for 14 seconds.
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At 5:40:04, theF/O reportedto ATC that theywere unable to maintain SHALA 1A

At 5:40:09, the MCAS stoppedt the end of theMCAS activation, the stabilizer position was 2.1 units with
the PF pulling to pitch up theAirplane, with a force of around 90Ibs.

At5:40pph OEA AADPOAET ACAET O11 A . Th&RO &iplied.th@ Aejudsh Wed® O
approved by ATC.

At 5:40:14, theCaptaintrimmed noseup for about2 secondswith the main electric trim switches located on
the control wheel. The stabilizer reached 2.3 units.

At5:40:17,0EA AAPOAET OAEA O/ +h &1 APO Ob OPAAAGS
At 5:40:22, Five seconds after the end of thet ADOAET 8 O (sedéridautématiz h@s@lowAtrim
(MCAS)occurred (point F). Duringthe nose-down trim activationh ' 07 3 $ / souhded &) PULL UP

for 9s, which stopped the secondautomatic nosedowntrim activation two seconds beforeits expected end
(automatic nose-down trim activated for around 7 s instead of 9 s)The trim up inputs from the Captain
stopped at5 h 40 min37safter the GPWSlarts disappeared.

TEA &7/ OEAT OxEAA OOCOCABAAAADOANERA OADEI EADOOUDGEUA
switches were most likely put in the cut-out positionat about 5 h 40 min 38 §oint G Figure 3). At this
time:

- the stabilizer postion was at 2.3 units,

- The Airplane was 1,500ft above the airfield elevation (computedfrom the RH pressure altitude) lut,
the LH pressure altitude was 1,00& lower.

- The actual computed airspeed was 33Kt (value displayed on RHPFD) while the erroneousalue
displayed on the LH PFD was 304&.

- Pitch attitude was around 2.5° with a vertical speed of 350 ft/min.

- Roll oscillations continued and the heading slightly increased. At the end of the phase, thieplane
headingwas around80°.

During this phase:

At the beginning, FMC detected a significant difference between the RH and LH True Airspeed (erroneous LH
ADIRUcomputed values due to erroneous LH AOA value). From this time, FMC did not send any valid
commandto A/T. TheA/T stayed in the Arm Mode. The lossf valid FMC commandlid not triggeran explicit
aletAOO AEA OAOOI O ET OEA &-! Al 1 OET OEI ¢ O AEODPI AU
expected.
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As a result of the erroneous LH AOA value and the increasing airspeed, SMYDC 1 computedhinimum
operational speed and LH stick shaker speed greater th&iMO (34(Kt) without any alert or invalidity
detection.

Google Earth

FIGURE3 PHASE3 FROM A/P DISCONNECTO STABILIZER TRIM ©TOUT

Phase 4: fight while the stab trim cut out switches were in the cutou t position (from 5h 40 min 38 s
until 5h 43 min 11 s)

At 05:40:43: approximately five seconds after the end of crewnanual electrical trim up inputs, a third
automatic nosedown trim (MCAS)triggered. There was no corresponding motion of the stabilizer, whh is

AT 1T OEOOAT O xEOE OEA OOAAEI EUAO OOEiIi AOOI OO OxEOAE
At the beginning of this phase, the captain succeeded in pitching up térplane, the vertical speed value
was 1,800 ft/min, increasing.

At 5:40:45, the captainrepeatedly requested the F/O to pull up with him Both pilots applied force on the
control column.

From that time until the end of this phase, pitch values oscillated between 7° nose up aff nose down.

Pitch increased when both pilots applied forces, pitcldecreased when a single pilot applied force (force
oscillated between 80 Ibs and 11(bs). The vertical speed variations followed the variations of the pitch
angle, with vertical speeds oscillating betweer2,500 ft/min and + 4,400 ft/min.
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At 05:40:50, crossing 9,500 ft (RH Baro corrected altitudeg erroneous, LH baro corrected altitude: 8,500 ft),
the AADOAET OI 1 A OEA &7/ OAAOEOA xA 8]Vl have flighttcAntraD 1
pOoT Al Ai 68 4EA &7/ AT 1Dl EAAS

The request was approved by ATOhe ATC asked about intentions. The F/O answered he would call back.
Following the approval ofATC the new target altitude was seton the MCP.

At 5:41:21 the RH speed exceeded 344 and the overspeedwarning soundedpoint H). The captain s&

OOEA ohb AREA  &gfcaptain!R BIA Brilefoverspeedwarningremained active until the end of the
recording as RH airspeed remained aboveMO. The RH sped values stabilized between 368t and 375Kt and

on the LH PFD, the LH computed airspeed oscillated betwe835 and 35Kt. At this time, the altitude of the
Airplane was oscillating around 10,800ft.

'O mnudgtpdggoh OEA OAI AAOGAA Al OEOOAA OAAAEAA prth:
acknowledgedby the F/O.

From 05:41:31 until 05:41:40, the captainasked the F/O to pitch up with him.

At 05:41:47, the Captain asked the F/O if the trim was functional. The FirQfficer replied that the trim was
not working and asked if he could try it manually. The Captain told him tioy (Point | Figure 4).

At5:41:560EA &7/ OOAOAA '80)4C AE A A B GOK IEAIA @EASH fegiiiée pd atlbon
OAOAOAT TAAAOGETT O 6EAAD xEOE | Ao «iatlHey sBdulddodpgo | £ O
14,000 ft.

At 5:42:12, theCaptainrequested a vector to réurn to the airport (point J).

1O vdrtcgdpuh OFRAdar&EhibpiadtAreeGd&dndirdquest vector to return to home Following
ATC instruction to turn to 260°, a new target heading of 262 ° was set. TAérplane headingat that time was
1029,

At 5:42:47, the captainsaid«Ok, what was it? Master Caution? The F/O sayStaster caution?» The captain
asked the F/O to verify. The FDR data at this time is consistent with the crew pressing the MASTER
CAUTION recall button to review the existing faults. Th &7/ AT OxAOAA O- AOGOAO ;
CADOAET OAEAO, A &£O adkromidiideddg AiAO6 8 1. DERA &AN A6

614,000 ft is the Minimum Safe Altitude in that sector
7At this time, the trim value is-2.7 units and the CAS is 340kt.

28



Aircraft Accident Investigation Report B737 - MAX 8, ETAVJ December 2022

At5:43:04,the CaptanAOEAA O3 ET O1 A xA DPEOAE O CAOEAOe I:EM&AE
OAEA 000D OEAI 0ODHd
During this phase, the crew was applying an average force of 94 this the control column

At the end of the phase:

- The Airplane was at an altitude of 6,200 ft above the airfield elevation (computed from the RH
pressure altitude). LH altitude values were 1,250 ftdwer.

- Computed airspeed was around 36Kt (RH value), LH erroneous value was 344t.
- The pitch angle of theAirplane was lower than 1°

- The vertical speed was around + 125 ft/min and decreasing

- The bank angle was around 21° right, with a slight trend to imease.

ET-AVJ |

Phase 4

fichiich'e

Google Earth

FIGURE 4: PHASE 4 FLIGHT WHILE THE STAB TRIM CUTOUT SWITCHES WERE IN THE CUTOUT POSITION

8A click similar to the Stabilizer trim cutout switches being put back on was heard on the CVR.
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Phase 5: Stab trim cut out switches back in normal position (point K) until the end of the flight (from
5h 43 min 11 s until 5h 43 min 44 s)

At 5:43:11, the crew tried to engage the A/P and\/P warning sounded for 3 s.
At the time of the A/P engagement attempt, 2 shoiime manual electrical trim up inputs were recorded,

which confirms that the stabilizer cutout switches had been restored to the normal positn®; at this time,
the stabilizer position was 2.3 units.

At 05:43:21, approximately five seconds after the last nmia electric trim up input, an automatic nosedown
trim (4t MCAS)triggered for about 5s (point L). The stabilizer moved from 2.3 to 1 unit3 seconds after the
automatic nosedown trim activation, the vertical speed decreased and became negative.One second before
the end of the automatic trim nosedown activation, the average force applied by the crew decreased from
100 Ibs to 78 Ibs in 3.5 sconds.

In these3.5 seconds, the pitch angle dropped from 0.5° nose up 18.8° nose down and the descent
rateincreased from-100 ft/min to more than -5,000 ft/min. Following the last automatic nosedowntrim
activation and despitecalculatedforce of up to 180lbs, thepitch continued decreasing.The descent rate and
the airspeed continued increasing.

At05:43:360EA %' 073 OI O1 AAAgq O4AOOAET h 4AO0O0OAET h 0011 5

The recordings stogped 23 seconds after the activation of theautomatic nose down trim.
At the end of the recording:

- Computed airspeed values reached 56Q

- Pitch values were greater than 40° nose down

- Vertical speed values were greater than 33,000 ft/min.

Both recorders stopped recording at around 05 h 43 min 44 s.

*The FDR discrete parameter of the manual electric trim command records command (up or down) only when battab trim cutout
switches are in the normal position
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I - MCAS#4
3 End of MCAS#4
L 4

Google Earth

FIGURE 5: PHASE 5 STAB TRI CUT OUT SWITCHES BACK IN NORMAL POSITION

1.2 INJURIES TO PERSONS

TABLE: 2INJURIES TO PERSON

Injuries Flight Crew | Passengers Total in Airplane | Others
Fatal 8 149 157 -
Serious - - - -
Minor - - - -
None - - - -
TOTAL 8 149 157 -

1.3 DAMAGE D AIRPLANE

The Airplane was destroyed.

1.4 OTHER DAMAGE
The farm landwas excavated witha deep and wide holenot to be used for further farming
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1.5 PERSONNEL INFORMATND

1.5.1. Flight Crew

The flight crew consisted of the captain and the first officerfive flight attendants and an In-Flight Security
Officer (IFSO). All crew were certified in accordance with the ECAA requirements.

1.5.1.1Pilot in Command

The pilot in command was 29 years old. According to Ethiopian Civil Aviation Authority (ECAA) recordise
# A B O Anibdt BeCent simuator proficiency check was Octobet, 2018. The captaingraduated from
Ethiopian Aviation Academy on July 23, 201(A review of the captains training records indicated that he
received his 737800 First Officer type rating on January 31, 2011 and completdds PIC type rating for the
737-800 October 26, 2017 B737MAXdifferences training on 03 July, 2018.

According to Ethiopian Airlines records, the captain has the followinflying experiences:

PIC has flown as first officer on different airplanes, like B73from 22 April, 2011 to 06 February 2013 for

2600hrs, 767 from February 2013, to October, 2014 and B777 and 787 for 2145hrs for consecutive periods.

From 26 October, 2017 until the end of the event he was a captain on B737 and flew fg#1I7 hrs as PIC on

type.

TABLE 3: PILOT IN COMMAD INFORMATION

PILOT IN COMMAND

Male,aged 29

Licenses

CPL issued on 237-2010

ATPL issuedon 27-07-2017

Simulator Based training B7377/800

Renewed on 0110-18 valid until 30-03-19

Annual Medical Check

Renewed on 1212-18 valid until 11-12-19

Rest before Last flight

72 hrs

AVIATION CARRIER DETAILS

Student Pilot, EAL Aviation Academy

From August 2008 To July2010

B737-700/800 (First Officer)

Qualified on 31:01-11

B767/757 (First Officer)

Qualified on 09-05-13

B777 (First Officer)

Qualified on 0402-15
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B787(First Officer) Qualified on 1708-15
B737- 700/800 (Captain) Qualified on 2610-17
B737- MAX(Captain) Qualified on 0307-18
FLYING EXPERIENCE
Total Flying Hours 8122:00 hrs
B737-700/800 4017:00 hrs
B737-700/800/ as PIC 1417:00 hrs
B737-8 MAX 103:00
Flying time within last ninety days 266:09
Flying time within last thirty days 62:00
Flying time within last seven days 17:43
Flying time on the day of Occurrence 06minutes
TRAINING RECORD SUMMARY
Pilot flying: checkout and simulator training
TABLE4: PFTRAINING RECORD SUMMARY
Date Type of TRG A/C type Training Comment Result
check Device
10-04-18 | Proficiency Check| Boeing 737 NG | Simulator Completed Good
satisfactorily
02-04-18 | Proficiency check | Boeing 737 NG | Simulator Proficiently V. good
executed
30-09-18 | Proficiencycheck | Boeing 737MAX | Simulator Satisfactory
01-10-18 | Proficiency check | Boeing 737MAX | Simulator Satisfactorily V. good
completed
03-07-18 | Differences Boeing 737 CBT standard
Training NG/MAX
NG/MAX
30-11-18 | Line check Boeing 737 NG | Airplane Verygood Satisfactory
performance
13-07-18 | Low Visibility Boeing737MAX | Simulator Very professional | V. good

33



Aircraft Accident Investigation Report B737 - MAX 8, ETAVJ December 2022

The Captairdnibst recent simulator proficiency check was conducted on QCaiber 1, 2018. Line check was
performed on 30 Nov 2018. His ffing time within the last ninety days before the accident was 266.09 hys
Last thirty and seven days2.00hrs and 17.43hrs respectively.

The pilot had a firstclass medical certificate with no imitations dated December 12, 2018. A review of the
medical exam that resulted in the issuance of this certificate showed no vision or hearing deficiencies, and
on the certificate application, the pilot stated he was taking no prescription or noprescription medications.

1.5.1.2First-Officer

According to Ethiopian Airlines records, the FirstOfficer has the following flight experience:

TABLES: FIRST OFFICER INFORMATION

FIRST OFFICER Male, Aged 25
License CPL issued on 122-18
Simulator Based training B73%700/800 Renewed on 0312-18 valid until 02-12-19
Annual Medical Check Renewed on 3608-18 Valid until 29-08-19
Rest Before Last Flight 65 hrs
AVIATION CARRIER DETAILS
Student Pilot,EAL Aviation Academy From March 2017to August 2018
B737-700/800 (First Officer) Qualified on 1212-18
B737-8 MAX(First Officer) Quialified on 1212-18
FLYING EXPERIENCE
Total Flying Hours 361:00hrs
B737-700/800/ MAX 207:26 hrs
Flying hour last ninety days 207:26hrs
Flying hour last thirty days 71hrs
Flying hour last seven days 10:57hrs
Flying hour on the day of occurrence 06 minutes
According to ECAA records, the first £ZFZEAAO08 O 11 6O OAAAT O OEI OI AT O A

and occurred on December 3, 2018. His line training/check (conducted in the’/B7 Airplane) was completed
on January 31, 20109.
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The first-l £FEAA 08 O wispeérmitted & dclaks shofficer in commercial air transport operations in
Boeing 737700/800 dated December 12, 2018 and Boeing37 MAXdated December 12, 2018 and quidied
to act in the capacity of first officer effective February 01, 2019.

The first-officer had a firstclass medical certificate with no limitations dated July 30, 2018. A review of the
medical exam that resulted in the issuance of this certificate showleno vision or hearing deficiencies, and
on the certificate application, the pilot stated he was taking no prescription or neprescription medications.
He reported no medical conditions.

1.5.1.3Flight Attendants

According to records provided by ET, the cabin cre consisted of 5 female flight attendants. They were fully
licensed in accordance with the provisions of the ECAA

1.5.1.4IFSO

AEA ) &3/ xAO OAAOAA ET OEA A£OITO DPAOGOAT CAO6O AAA
sheet as a passenger and listechahe passengers manifest under a coded name. However, he was listed on
OEA #0Ax ' AT AOAI $AAI AOAOGET T | #' $QAGAAS & EOEA AEERE
in accordance with the provisions of the ECAA national regulations after cqieting the appropriate AVSEC
courses and was authorized to fly on board Ethiopian Airplane in the capacity of IFSO sitting with the
regular passengers.

1.6 AIRPLANE INFORMATION
1.6.1General

The B737-8 (MAX) is a low wing, narrow body single aisle, jet transport wh a conventional tail unit
configuration, powered by two bypass turbofan CFM LeapB engines moumed on pylons beneath the
wings. The Airplane is manufactured by Boeing Commercialirplane and is the fourth generation of the 737
series. Accordingtahe B AET ¢ #1 | BDAT UAiplane ial desighell ko cabrf 62178 passengers,
depending on seating configuration. The 73B MAXtook its maiden flight on January 29, 2016 and was
type certificated with the FAA on March 8, 2017.

ET-AVJ was aB737-8 MAX single aisle transport Airplane configured in a 160 passenger multiclass
arrangement manufactured by the Boeing Company and delivered to Ethiopiakirlines on 15 November,
2018. The Airplane was powered by two LEAR1B Turbo Fan Engines manufactured by CFMternational.

The Airplane had 1,330.3 hours with a total of 382 cycles at the time of the accident.
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December 2022

Airplane Type:

Fixed Wing Multi -Engine

Model: 737-8 (MAX)
Registration Number ET-AVJ

Airplane Serial Number 62450

Airplane Manufacturer Boeing CommercialAirplane
Airplane Category: Transport
Seating arrangenent: Multi-Class

PAX Seating Capacity: 160

MAX T/O Weight: 82,190 kg

Total Time: 1330.3 hours
Total Cycles: 382

Engine Type: Turbo Fan
Number of Engines: 2

Engine Manufacturer: CFM International
Engine Model: LEAR1B28B1G05
Manufactured Year: 2018

Airplane Owner

Ethiopian Leasing (5737) LTD

Address:

C/O WALKERS CORPORATE LIMITE
CAYMAN CORPORATE CENTER,
HOSPITAL ROAD, GEORGE TOV\
GRAND CAYMAN K¥2008, CAYMAN
ISLANDS

Airplane Operator

Ethiopian Airlines Group

Address:

Bole International Airport P.O. Box
1755 Addis Ababa, Ethiopia

Operator Certificate Number: CATO
01/270295

1.6.2 Airplane Flight and Maintenance Log

The Maintenance Lodgook (MLB) was reviewed in detail for the last 39 flights from 26 February 2019 until
09 March 2019 (previous flight to the accidentflight). In addition, the records were reviewed for the 1A

check conducted in early February.
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Over the previous 39 flighth OEA -, " AEOAA ET DPAOOEAOI AOd #ADOAE
no power; the crew oxygen cylinder was replaced due to low pressur@nd the APU would not start. Al
three issues led to maintenance actions and did not reoccur.

In addition, the MLB was reviewed at a higher level for all flights back to the delivery flight in November
2018. Maintenance actions of relevance occurred in early December 2018 and involved several wtigs
involving temporary fluctuations of vertical speed and #Hitude as well as a report of theAirplane rolling
during autopilot operation and altitude and vertical speed indication on the PFD showed an erratic and
exaggerated fluctuation indication. Maintenance actions were performed and noneere reported to have
recurred. However, the erratic and intermittent nature of the fluctuations made it difficult to insure a
permanent solution of these parameters.

The ET302 airplane experienced flight control system and miscellaneous electrical faulgsior to the
accidentflight.

a. Flight control problems started occurring on the ET302 airplane on Dec 3, 2018, eighteen days after
delivery. Pilot write ups included temporary fluctuations of vertical speed and altitude as well as a
report of the aircraft rolling during autopilot operation and altitude and vertical speed indication on
the PFD showed an erratic and exaggerated indicatipn

b. Three days before the accident the Auxiliary Power Unit (APU) Fault Light illuminated, andehAPU
had a protective shutdown;

c. The onboard mantenance function computer message also indicated the Start Converter Unit (SCU)
OEil xAA OEA 10560 OOAOO OUOOAI xAO ETTDPAOAOEOA
d4EA #APOAET 60 PAOOITAI Ai i pOOAO PiI xAO 1 O01I AO EA

e. None of these preaccident problems can be explained by a bird strike

According to the Ethiopian Civil Aviation Authority (Document number ECAA/AWS/OF/025, Ethiopian

Il EOI ET A0 j OEA O1I PAOAOI 06q EO A OO EiplanE&pérckrtifi€aie numbdr A O
002/88. The Op. Spec issued to the operator statéisat operations shall be conducted in accordance with

the Ethiopian Civil Aviation Authority Rules and Standards (ECARAS), part 6.
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Authorized Maintenance Program: Certificate number 002/88 authorizes the following airframe

maintenance

TABLE7: OPERATORMAINT. PROGRAM

Manufacturer | Make/Model Capability Limitations
Boeing B737- Line and Base No limitation
300/400/500/600/7 Maintenance
00/800/900
Boeing B737MAX Line and Base Limited up to and including
Maintenance pd! 8 AEAAEO
Boeing B757/767 Line and Base No limitation
Maintenance
Boeing B777-200/300 Line and BaseMaintenance No limitation
Boeing B787-8/-9 Line and BaseMaintenance Limited up to and
ET Al OAEIch@ckdA |l 1
Airbus A350 XWB900 Line and BaseMaintenance Limited up to and including
All Op#060 AEAA]
Bombardier DHG8-400 & DHGS8- | Line and Bas#laintenance | No limitation
100/200/300
Fokker F27MKO050 Line and BaseMaintenance No limitation
Diamond DA40NG Line and BaseMaintenance No limitation
Diamond DA42NG Line and BaseMaintenaoe | No limitation
De Havilland DHG6 Line and BaseMaintenance No limitation
pd! 8 #EAAE(
0AO OEA 1 AET OAT AT AA 1 EIEOQGAOQGETTO 11 O0AA AAnipAre A

between 01 February and 04 February, 2019This check primarily concerirates on routine inspection for

airworthiness (General Visual Inspection GVI) as well as check and replacement of lubrication.

Airworthiness Directives (AD)

The Ethiopian Airlines provided an AD compliance report forreview by the EAIB. This included

airworthiness directives being tracked for the airframe, the two installed engines and appliances.
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The AD summary report included the limits, intervals, and current status (as applicable). A review of the
Airworthiness Directive status report for the Airplane, power plants and appliances was conducted. All
ApPl EAAAT A 1'$60 EAA Aibphkhe prRdudidn Q8T OAORG MBMBEATAA Ol
engines or APU.

There was one AD sevice bulletin listed as open this involves the prevention of fires n the lavatories

from burning paper, etc. This is an inspection bulletin with an interval of flight hours of 940. The next
inspection was scheduled at 1940 flight hours.

One of theentries in the AD compliance report was AF2018-23-vu ph 4 EO1 A A thi® gotential A A O A
OAOGOI OET ¢ 1 | Thidemarhendy ADDw@Edronpted by analysis performed by the manufacturer
showing that if an erroneously high single angle of attack (AOA) sensor input is received by the flight
control system, there is a potentialfor repeated nosedown trim commands of the horizontal stabilizer.

This condition, if not addressed, could cause the flight crew to have difficulty controlling th&irplane, and

lead to excessive noselown attitude, significant altitude loss, and possibleimpact with terrain.The
compliance report indicates that compliancevas through AFM revision on 11.02018.

Service Bulletin (SB) Summary:

A review of the service bulletin list includes the installation of engine Electronic Engine Control (EEC)
control software version 6.5 (07 January, 2019) as well as the installation of new shoulder bearings and a
hinged loop clamp on a fuel tube located on the engine. The installation is intended maprove reliability

of the clamp.

1.6.3Maintenance History

The Airplane maintenance history containing daily flight and maintenance information was reviewed from
the date range of November 15, 2018 (delivery date) through March 10, 2019 (accident flight).

Maintenance Record Logbook

On March 15, 2019, the Maintenance Group perforrdea review and documented Ethiopian Airlines daily
maintenance record logbook pages 518301 to 502140 foAirplane ET-AVJ.Additionally, all the daily
technical logs that extend back to the delivery flight (Nov 15, 2018) were reviewed. Special emphasis was
put on any log entry pertaining to abnormal indication orAirplane behavior.
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TABLE: 8 ALL DAILY TECHNICAL LOGS

December 2022

Log Ref Date DEP ARR | Write ups Rectify Action Other work
performed
502140 10Mar, 19 | JNB ADD | None None
502139 9Mar, 19 | ADD INB | |nstalled 3 each Ld Removed 3each LG downr
Down lock pins lock pins
502138 9Mar, 19 | JNB ADD | None None
502137 8Mar, 19 | ADD JNB | linstalled3 each LG 1. Removed 3 each L(
down lock pins down lock pins Engine dagnosis
2. APU fault Light is| 2. (ref IFIM 4961-00-700- |data downloaded
o o) e b
clear add remark OMF. fund msg #1 (49
41254). Replaced the SC
and APU success fully
started with APU limited
restart
502136 8-Mar-19 | PAR ADD | APU Fault Lightis on | Transferred to ADD page
(APU is INOP) (501137)
502135 8-Mar-19 | NA NA Green sheet parked | Green sheet- parked per
per above above
502134 7-Mar-19 | JNB ADD | None None
on, APU had g jan 2019 OMF Bite shows
protective shutdown | mnt msg 4941254 (start
converter unit shows start
system in op); Reracked
unit and APU started with
APU limited restart
function as per IFIM 4940-
00-810-818
502132 7-Mar-19 | TLV ADD | None None
502131 6-Mar-19 | ADD TLV | All landing gear| Removed 3 each |andingGaspath cleaning
down lock  pins | gear down lock pins of engines
installed
502130 5-Mar-19 | NBO ADD | Installed all gear| rRemoved all three landing
pins gear pins
502129 5-Mar-19 | ADD NBO Downloaded
engine diagnostic
data
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502128 5-Mar-19 | TLV ADD | None None
502127 4-Mar-19 | ADD TLV | Installed gear pins Removed gear pins
502126 4-Mar-19 | ABV ADD | Crew 02 cylinder Replaced crew O2ylinder
pressure is below
1000 psi
502125 4-Mar-19 | ADD ABV | None None Downloading
engine
diagnostic data
&recording APU
EGT
518324 3-Mar-19 | TLV ADD | None None
518323 ADD | TLV | None None
518322 3-Mar-19 JNB ADD None None
518321 2-Mar-19 | ADD JNB | 3 each pinsinstalled | Removed all 3 each landind Visual check of
gear down lock pins scheduled
518320 2-Mar-19 | EBB ADD | Auto land Noted
accomplished
successfully at EBB
518319 2-Mar-19 | ADD EBB | None None
518317 2-Mar-19 [ JNB | ADD | None None
518316 1-Mar-19 | ADD JNB | Flight Compartment | Performed Captain £ Inspection of
PCPower Outlet Has | Outlet Initial Evaluation TGB
No Power (Captain) | and Found Captain IC scavenge screens
Outlet Has NoPower
518315 1-Mar-19 | WHD | ADD | None None
518314 1-Mar-19 | ADD WHD | None None
518313 N/A N/A N/A Pc poweroutlet no Deferred to ADD
power, Captain's
(pre flight)
Daily check| Noted and daily check
518312 28-Feb-19 | JNB ADD | performed in JNB| performed as per BTC 32
without specific task | 270-01102-01
card / no MX data
made either. Chek
if needs to be
performed for a
legal dispatch
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Check both  nose gajanced tire pressure and
wheels for proper| jnspect both tires for wea,
inflation. Durmg all landing gear
ground ol vib | components, also  shock
Increasing With | struts all found normal as
wheel spin up ---- per IFIM 32-1-00 809 810.
Ktocking of gear Rev# 201902150301 is
strut. Feb 2019
518311 28-Feb- N/A Installed 3 each ; TGB inspection
and Removed 3 each landing task performed
19 anding gear down | gear down lock pins,
lock pins.
Daily check expired| performed daily check at
at 18092 and now at| 20:28 on 2802-2019 (not
19582 logged in the MX system)
518310 27-Feb-19 | WHD | ADD | None None
518309 27-Feb-19 | ADD WHD | None None None
518308 26 Fel9 | TLV ADD | None None None
518307 26- ADD TLV | None NAWdata
Febl9 None update, engine
diagnostic data
Download,down
loading engine
diagnostic data
518306 26-Feb19 | TLV ADD | None None
518305 25-Feb-19 | ADD TLV Installed gear pins All three landing gears are| Performed OP
removed checked of SPCU
518304 25-Feb-19 | NBO ADD None None
518303 25-Feb-19 | ADD NBO | None None
518302 25Fehl9 | NBO ADD | None None
518301 25-Feb-19 | ADD NBO | None None
Log Ref | Date DEP ARR | Write ups Rectify Action
24640 [10Dec18 | LAD ADD | Capt.Sidealtimeter BITEon OMFshowsno related fault. GVI
indication erratically performed for static ports, nodamagefound; no
showedadescentand a FODfound BITE doneon FMCfor ADIRUfaItS,
lower level and backto found none.Oqu.arformed asper AMM
normal indication at FL 380 | 34-21-00-710-806; test passed
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24628 |7 Decl8 | LAO ADD | During approach @1000' BITEdone of FMCCDUDFCS)no fault found as
AGLthe A/C starts rolling to | per 22-11-34-040-80. Performed land verify test
the righ twith the autopilot | asper AMM22-11-00-700-801; found normal
engaged.
23645 dDecl8 | DOH | ADD | During approachat8600 | |z 34-31-00-810-819- No existing fault found
feet, altimeters rapidly on OMF.Fault history found on OMFis that MMR
descendand returned to is not giving valued input From OMF,asper them
normal causing auto pilot to | annual MMR operational test Preformed test-
revert to CWS"P"L-NAV passed.Per AMM3437-00-710-801, ranop test;
remained engaged. passed

23639 [3-Dec18 | DAR ADD | After take-off, altitude and AMMA46-13-02-710-8010OMFshows nofault in
vertical speedindicator on | bound FDEFfault hasno fault history and also

both PFD'sshowed hasno related fault. FMCoperational test
anerratic and exaggeated performed asper AMM34-61-00-
indications (movigp and 710-801 and tests how no fault.

down very rapidly) for
about 2 sec. and then
returned to back normal

The only scheduled check of théirplane occurred from 01 February and 04 February 2019. This is a

routine check and General Visual Inspection (GVI) of various areas of the airframe. No major

discrepancies or repairs were noted for thé check.

1.6.4 Engines

The accident engines were CFM LEAEB28B1, a high bypass, dual rotor, axial flow turbofans. The engine
consists of 3 major assemblies: low pressure compressor (LPC), core engine, and-fmessure turbine
(LPT). The core engine consists & two-stage high pressure turbine (HPT) which drives the terstage high
pressure compressor (HPC). The fowstage integrated fan and lowpressure compressor (booster) is driven
by a fivestage LPT. The annular designed combustion chamber increases the Hi&Charge air velocity to
drive the high- and low-pressure turbines. An accessory drive system provides drive requirements for
engine mounted Airplane accessoriesand is driven by the highpressure module. The accessory drive
system includes two submodules which can be removed or installed at engine level, the accessory gearbox
(AGB) and the transfer gearbox (TGB).
The engine control system supplies manual and automatic contrinputs to operate the engineThe engine
control system has these components

EThrust levers (forward and reverse)
EThrust lever resolvers

FEngine start levers

EThrust lever interlock solenoids
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1.6.4.1EngineHistory

I AAT OAET ¢ O1T OEA AT CETABO &!! 4UDA usibnOQdatdEENDVRDEr $ /
30, 2018, the engine has Maximum takeoff thrust rating of 29,317 pounds flatrated?! to 86°F (30°C) and a
Maximum continuous thrust rating of 28,690 pounds flatrated to 77°F (25°C).

TABLE9: ENGINE INFORMATION

Engine Serial Number 602722 (L/H) 602695 (R/H)
Last Install Date October 2018 October 2018
Last Shop Visit N/A N/A

Cycles Sincelnstall 382 382

Cycles Since New 382 382

Cycles Since Shop Visit N/A N/A

Time Since Install 1330 hours 1330 hours
Time Since New 1330 hours 1330 hours
Time Since Shop Visit |N/A N/A
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The engines were designed and built by CFMI, a joint venture between General ElectricAviation (GE) of the
USA and Safrahirplane Engines(SAE) (formerly Snecma (Société Nationale d'Etude et de Construction de
Moteurs d'Aviation) Moteurs of France).The division of labor is such that Safran is responsible for the Fan
and LPT modules while GE is responsible for the remainder of the engip&lPC, Combustor, and HPT.

1.6.4.2 Maintenance Records & Reports

According to CM record, both engines were compliant with the following service bulletins: SB 70222 7
Inspect TGB scavenge screens (Feb 22, 2019)

SB730014 - PSS Blow Out and vacuum proc. (Jan. 16, 2019)
SB 730016 z New EEC software Version 6.5 (Jan. 8, 2019)

CFM also reprted that no monitoring alerts, customer notification reports (CNR), or abnormal records were
reported on these engines since entry into service (EIS). Additionally, no recent maintenance tasks were
AAAT AOAA 11T AEOEAO AT CEI ABAPGRT AOGEDORA HA]I ABOARRAT
and no anomalies were noted during the previous flighst

The exhaust gas temperature (EGT) margiwas routinely monitored on the Airplane and electronically
transmitted to CFM for maintenance surveillane. A review of these records revealed an EGT margin on both
engines at the time of the accident was greater than 80°C.

CFM has reviewed snapshot reports from EAVJ over the last four flightsz three on March 9th and the
event flight on March 10th. Theseeports were reviewed for engine parameter content with no unexpected
or unusual engine conditions identified. All parameterswere within expected values for the respective
phase of flight with no engine faults detected.

According to the Ethiopian logbods, only two procedures had been accomplished in the last 30 days
water wash and anEngine Data Diagnosis Download

Examination of the Engines
Identification of Installed Location ofEngines

Because the serial number plates were not found, the handedneasisthe engines was not readily identifiable,
so the serial numbers of some internal components were used to make this determination. The serial
numbers were compared to the CFM build records to confirm the engine serial number and therefore
Airplane location. See Table9&10).
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TABLE 10: RIGHT HAND ENGINE PART IDENTIFICATION S/NS

ESN 602722 (Installed Left Position)
Designation Part Number |Serial Number* Recovered |S/N Identified Note
Fan Disk Not Recovered
364-040-010-0 |HB150486
LPC Stage 24 Spool Not Recovered
364-905-100-0 |MA510264
HPC Stage 1 Blisk X Remained with core
2639M71G02 |GWN13E24
HPC Stage 2 Blisk X Remained with core
2552M02P02 |GLHWO0C40
HPCStage 34 Blisk X Remained with core
Spool 2552M03G02 |GLHWOAG6N
HPC Stage 5 Blisk X Remained with core
2552M05P02 | TMT138NO0
HPC Stage 610 Spool X Remained with core
2552M06G04 |GWN13ENJ
HPT Rotor Disk Stage 1| 2600M21G02 |GWN13ECE X r'?gtma'”ed with core, Rim
recovered
HPT Rotor Disk Stage 2 X Remained with core
2547M01G02 |TMT130CR
LPT Rotor Disk Stage 1 X X Separated from engine
364-021-030-0 |PC740173 core
LPT Rotor Disk Stage 2 X X Separated from engine
364-021-130-0 |PC738557 core
LPT Rotor Disk Stage 3 X X Separated from engine
364-021-230-0 |PC738549 core
LPT Stage 4, Disk X X Separated from engine
STBSHF 364-001-611-0 |HC278966 core
Foundwithstagebrotatinga
LPT Rotor Disk Stage 5| 364-600-011-0 | GA0O05072 X irsealattachedP/ N364-062-
010-0,¥ NDY168293
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Left Hand Engine Part Identification S/No

December 2022

ESN 602695 (Installed Right Position)

Designation Part Number Serial Recov SIN Note
Number* ered | Identified

Fan Disk 364-040-010-0 | HB150564 X X Separated from engine core

LPC Stage 24 Spool 364-905-100-0 | MA510373 Not Recovered

HPC Stage 1 Blisk 2639M71G02 | TMT146AG| Separatedfromenginecore(stage
1-3 recovered together)

HPC Stage 2 Blisk 2552M02P02 | GLHWOA6B6| X Separatedfromenginecoe(stage
1-3 recovered together)

HPC Stage 34 Blisk 2552M03G02 | GLHWOA67|  x Stage 3 recovered with Stage-2.

Spool Stage 4 not recovered.

HPC Stage 5 Blisk 2552M05P02 | GLHWOCKH| x Separated from engine core.
Spoolseparatedfromengine.Stage
7hub/webseparatedfromengine,

HPC Stage 610 Spool 2552M06G03 | GWN13EA X rimnotrecovered.Otherstagesnotrecovered.
Separated from engine core. Rirsection liberated and

HPT Rotor Disk Stage 1 | 2600M21G02 | GWN13EEE| x found
Protruding from HPT Case.

HPT Rotor Disk Stage 2 | 2547M01G02 | TMT1469H X Remained with engine core

LPT Rotor Disk Stage 1 | 364-021-030-0 | PC735264 X Remained with engine core

LPT Rotor Disk Stage 2 | 364-021-130-0 | PC681407 X Remained with engine core

LPT Rotor Disk Stage 3 | 364-021-230-0 | DY 386829 X Remained with engine core

LPT Stage 4, Disk 364-001-611-0 | PC640864 X Remained with engine core

STBSHF

LPT Rotor Disk Stage 5 [364-600-011-0 (GA004847 K Separated from engine core. Foundith stage 5 rotating air

sealattachedP/ N364-062-010-0, NHB301273

*Serial Number based on CFMI Delivery Records

1.6.5 AIRPLANE SYSTEMZESCRIPTION

The systems described in this document are the systems on thaplane at the time of the accident

1.6.5.1A0A0ver View

The angle of attack (AOA) system senses angle of livi between a reference line on théAirplane and the

wind direction.

Angle of Attack (AOA) Sensors

The Boeing737-MAX8 has two independent angleof-attack (AOA) sensors, one on each side of the forward

fuselage. The AOA sensors consist of an external vamgich rotates to align with the local airflow connected
to two internal resolvers which independently measure the rotation angle.
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A wedge vane is mounted external to thdirplane to accurately sense local airflow angleEmbeddedheater

in avane thermally compensates to increase vane surface temperature in high flow and icing. It is coupled to
electrical transducers via mechanical shaft. The vane is mechanically balanced witm anternal
counterweight.

AOA
Sensor

FIGURE/: AOA SENSOR FIGURE: AOA LOCATION ON A BARG 737
The AOA sensor used on the Boeing 73WAX8 is made by Collins Aerospace.

For each AOA sensor (left and right), one resolver is connected to the respective Stall Management Yaw
Damper (SMYD) computer and the second resolver is connected the respeetiADIRU. Both the SMYD and
ADIRU monitor the resolver circuits within the AOA sensor. If a fault is detected, the AOA resolver
information is not used and the fault is annunciated.

There is no scheduled maintenance for AOA sensors. Any required maintenans a consequence of

AT 1T O1 AEACGAA E£AOI OO0 1O T AGAOOGART RBOEDI AOEAEDOBANEED
1.6.5.2Use of AOA Values

The AOA valuesdirectly used by the ADIRUto compute static source error correction, which affects all
computations involving static pressure such as:

Mach corrected values
CAS corrected values
Altitude corrected values
By the SMYDC

== =4 —a A
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to manage the Stall warning activation
to compute the loop gain of the yaw damping system
to compute stick shaker speed
to compute operational speeds
0 to compute the Pitch Limit Indicator (PLI)
- Bythe FCC
o To trigger MCAS activation
0 To compute MCAS duration
Erroneous AOA values would also impact the following systems (neexhaustive list)

O O 0O o

- 1'$)25h £ O OEA AT i1 BDOOAOGEITT 1T & 41'3h "AOT AT OOAAC
- Fr$ AT A AOOI PEIT O xEOE ET OATEA #!3h "AOI Al OEO
- FMCthrough baro altitude values, with potential impact on theauto throttle commands

1.6.5.3A0AVaneand Anti-lce Protection

AOA vane heating belongs to the anite protection. In case of a faulbf the vane heating, the following
systems activate:

- the master caution triggers (master caution light illuminates)
- the ANTHICE light (right system annunciator)illuminates
- The[L/R] ALPHA VANE message illuminates (on the Probe heat panel of overhead panel).

The vane heating monitoring is based on current detection circuit. After the current drops, there is a delay
I £ o O v O AAEI OA OEA T ECEO Of, 72Y !l fBnbother@ohds, Ao
the airplane suffered a loss of power tohe left AOA Sensor Heater.
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FIGURELO: PROBE HEAT PANEL

AOA Monitoring

The ADIRU performed a limited monitoring of the AOA sensor, baseaxh the signal received from the
OAOI 1 OAO8 4EA 13$)25 CAdABPREROI HOEINT OELI BED AABGRAOD
conditions:

- the resolver output is zero volts

- the combined amplitude is outside the acceptable range

- The calculated AOA vane shaft angle is outside the range defined by the mechanical stops
50



Aircraft Accident Investigation Report B737 - MAX 8, ETAVJ December 2022

The ADR5 CAT AOAOGAO O' /' EAEI AA6 ET & O AGET 1T xEAT E
reference (excitation) voltage signal provided to the AOA sensor from th&irplane 28VACpower bus is out
of range.

Impact ofAOAFailure on ADIRU

Onre input of the ADIRU is of AOA vane heating failure. In this case, ADIRU goes on providing its parameters
without any information of failure. ADIRU only records a failure code inside its BITE memory.

If the ADIRU detects any failure through its @A monitoring the ADIRU povides its output data with
invalidity information (NCD z No Computed Data or FWz Failure warning). In this case, the systems
receiving these data do not use thempi particular, the Display Processing Computer (DPC), sets up flag on
the PFD:

- SPD flag apears on the PFD and speed tape is no more displayed

- ALT flag appears on the PFD and altitude tape is no more displayed.

Effects of Erroneous Angle of Attack

The effects of erroneous Angle of Attack (AOA) that is not declared invalid vary depending or tlmagnitude
and direction of the error.

Flight Deck Effects:
9 Display of erroneous airspeed and barometric corrected altitude on one Primary Flight Display (PFD)
i1 Potentially erroneous stick shaker functions on one side and incorrect lower barber pole, lower
amber band, and Pitch Limit Indicator on one PFD
9 Possible autopilot disconnect warning for disconnect conditions (light and aural), NO AUTOLAND
recall in fail-op auto land configuration (displayed on the engine format).
1 If the displays software option for AOA Indication is displayed, erroneous AOA information on one
PFD is displayed
1 The following are displayed on both PFDs if display system thresholds are tripped:
- |IAS DISAGREE
A7EAT AADPOAET 60 Ajpedd inditativas@isdgraesi PkAfd 6 @ntidu&u® O
seconds
- ALT DISAGREE
A7EAT AAPOAETI 60 AT A FEEOOO 1T AEFEAAOCGO AAOI
continuous seconds
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- AOA DISAGREE
A When the left and right AOA signals from the Air Data Inertial Reference Unit (ADIRU)
disagree by 10+ degree$or 10 continuous seconds
i1 If EFS command is longer than 3@5 seconds, the FEEL DIFF PRESS light will illuminate
1 Possible indications of a Predictive Wind Shear (PWS) event in regions where those indications
would be otherwise inhibited ("WINDSHEAR" text o the ND/PFD, PWS Audio messages)

AOA DISPLAY OPTION

Boeing provides the option for the operator to install the AOA indicator on the PFD for Boeing 787(MAX).
The respective PFD will show the AOA information as shown in the figufel below.

122.95 < T\\)
1200
80-01 .

11065 00: 00
15: 362 02 NOV 11 00: 00

Angle of Attack

indicator

FIGUREL1: AOAindicator on

AOADisagree Alert

As shown in(figure 12) OEA O! /1 $)31 ' 2%%6 | AOOACA APPAAOO 11 C
the values of the left and right AOA transmitted by the ADIRUSs differ by 10° or more for 10 continuous
seconds. The anunciation is only displayed in the air because AOA values are unreliable when the
Airplane is stationary on the ground.

The AOA DISAGREE message was first implementedthe Boeing 73 NG fleet in 2006 in response to
customer requests. Since 2006, the AOBISAGREE alert has been installed on all newly manufactured
Boeing 737 NCAirplanes, and is available as a retrofit for oldeAirplanes.

The AOA DISAGREE alert has not been considered as a safety feature by Boeing, and is not necessary to
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safely operatethe Airplane. Airspeed, attitude, altitude, vertical speed, heading and engine thrust settings
are the primary parameters the flight crews useto safely operate theAirplane in normal flight. Stick
shaker

BARO

4750
DISAGREE «»

@& AOA Disagree Alert (amber)

Figure 12: AOA Disagree message on the PFD

and the pitch limit indicator are the primary features used for the operation of theAirplane at elevated
angles of attack. The AOA DISAGREE alert provides supplemental information only.

At the time of the accidentthe AOA DISAGREE narormal procedurelfalerted pilots to the possibility of
airspeed and altitude errors, and of the IAS DISAGREEJaALT DISAGREE alerts occurringut did not
include any flight crew action in response to thlAOADISAGRERLERT!. The requirements for the AOA
DISAGREE alert were caied over from the Boeing 73NG to the Boeing 7378 (MAX). In 2017, however,
within several months after beginning Boeing 7378 (MAX) deliveries, Boeing identified that the Boeing

10The AOA DISAGREE narormal procedure was revised to direct flight crew to the Airspeed Unreliable NNC as part of the Return to
Service activities conducted prior to the resumption of commercial 737 MA#ights in 2020.
DISAGREE alett
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737-8 (MAX) display system software did not correctly implement the AOA DISGREE alert
requirements. As with the Boeing 737 NG, the Boeing display system requirements for the Boeing 87
(MAX) called for the activation of the AOA DISAGREE alert as a standard feature onAalblanes. The
software delivered to Boeing, however, tiked the AOA DISAGREE alert to the AOA position indicator,
which is an optional feature on the Boeing 737NJAX) series. Accordingly, the software activated the AOA
DISAGREE alert only if an airline opted for the AOA indicator. At the time of the accid®Buging advised
that the AOA indicator halbeen selected by approximately 20% of airlines.

When the discrepancy between the AOA display requirements and the software was identified, Boeing
determined that the absence of the AOA DISAGREE alert did not advérsenpact Airplane safety,
certification or operation. Accordingly, Boeing concluded that the existing functionality was acceptable
until the originally intended functionality could be implemented in a display system software upgrade
scheduled for the third quarter 0f2020.

Ethiopian Airlines did not select the optional AOA indicator dature on the PFD of their 737MAX8
Airplane; thereforeas a result, the AOA DISAGREE did not appear on-ATJAirplane, even though the
necessary conditions were met.

1.6.5.4Air Data System

The Boeing 737 MAX 8 is equipped with an Air Data Inertial Reference System (ADIRS) that provides
flight data to the flight deck display panels, flight management computers, flight controls, engine controls
and all other systems requiring inertial aad air data information. The ADIRS combines the Air Data
System (ADS) function and the Inertial Reference System (IRS) function into a single device identified as
an Air Data Inertial Reference Unit (ADIRU). The ADIRUs provide inertial position and trachktd to the
flight management system and provide attitude, altitude and air speed data to theflight deck displays. The
ADIRUs process information measured by internal gyros and accelero meters and information from the
air data sensors.

Pitot and Static Systm

The pitot static system is comprised of three separate pitot probes and six flush static ports; two of these
pitot probes and four of the static ports interface with the Air Data Modules (ADM), which convert
pneumatic pressure to electrical signals andend these data to the ADIRUs. The remaining auxiliary pitot
probe and alternate static ports provide pitot and static pressure to the standby instruments. The

AOBEI EAOU DPEOI O POT AA EO I iakplaeAA 11 OEA EEOOO 1 EA

54



Aircraft Accident Investigation Report B737 - MAX 8, ETAVJ December 2022

The ADM connecteddi OEA #ADPOAET 80 DPEOI O DPOI AA OAT AO EIT A&

ATTTAAOAA O OEA &EOOO / £AAEAAOGO DPEOI O POT AA OAT,
AOA 11T AAOGAA AO OEA AAI AT AA AAT atk pats. ThEADMECANnettddBoO A E 1
OEA #ADPOAET 860 OOAOEA Di OO0 OAT AO EIT & Oi AGET 1T OI

xEElT A OEA 1$- ATT1AAOAA O OEA &EOOO /| AEEAAOBO

displayonthe iOO0O T £AZEAAOEO ET O000I AT OO8
AIRDATA REFERENCEDR)

The Air Data Reference (ADR) function of the ADIRU is to sense th& O P | pitdt @@ siatic pressures
external to the Airplane and convert them into digital electrical signals. These pressures, in camction
with the Total Air Temperature (TAT) and the! E O B | ADR && uSed by the ADIRU to calculate basic air
data information (parameters) for transmission to various systems on theAirplane. Some of the
parameters that the ADIRU transmits include: aitude, computed airspeed, and true airspeedAnother
function of the ADIRU is to provide AOA informationifdicated angle of attack) directly to the Flight
Control Computers as an input to the MCAS function.

Both the altitude and airspeed use static presse which includes calculations for a correction factor of

the Static Source Eor Correction (SSEC). This ixompensation for pressure errors caused by the
AEOZEZOAI A6O0 AAOT Aul ATEA AEEAAOO 11 OEA OOAOQEMs DI OC
Compensation for the remaining errors is provided by a correction algorithntomposed of three factors:

basic correction, thrust effect compensation and ground effects compensation.

The ADR uses the following parameters as primary parameters:
- The staic pressure coming from the static ports
- The total pressure coming from the pitot probes

- The AOA values coming from the AOA vanes
- The Total Air Temperature (TAT) parameters coming from the TAT probes
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FIGUREL3: lllustrated sta tic and total air pressure system

1.6.5.5Enhanced Digital Flight Control Systen(EDFCS)

The Boeing 737MAX8 is equipped with an Enhanced Digital Flight Control System (EDFCS). The EDFCS

system on the B7 MAX8 is the same as the 739G with the following added functionality in the flight

control computer (FCC) software:

1. Maneuvering Characteristics Augmentation System (MCAS),

2. Emergency Descent in Autopilot and FlighDirector Level Change Mode,

3. Spoiler Control Electronics Interface,
4. Autopilot Roll Command Alertng System.

The EDFCS provides integrated operation of the following major flight control functions:

- Altitude Alert

- Autopilot (including Autoland)

- Flight Director

- Speed Trim

- Mach Trim

- Maneuvering Characteristics Augmentation System (MCAS)
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- FMC Interface &Vode Control

- Autothrottle Interface, N1 Limits, & Mode Cmmmands and Mode control
AEA %$&#3 EAO A 11T AA AT1T 0011 DPATAT j-#0Qqh Oxi &#1
The MCP is the primary interface between the flight crew and the FCCishe FCCs get inputs from several
systems such as the Air Data Inertial Reference System (ADIRS) and the Flight &mment Computer
(FMC) and senccommands to the aileron and elevator actuators. These actuators control the movement
of the ailerons and elewators, which control the flight path of theAirplane whenthe autopilot is engaged
There are two autopilots, autopilot A from FCC A and autopilot B from FCC B. When you engage an

autopilot from the MCP, the autopilot can control theAirplane attitude through these phases of flight:
Climb, Cruise, Descent, Approach, Goound and Flare.
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FIGURE14 EDFCS GENERAL DERGPTION
1.6.5.6Autopilot

The autopilot is engaged by selecting one of two autopilot push button engage switches located near the
right edge of the MCPbetween the Vertical Speed display window and the right hand Flight Director
toggle switch.

The control column force must be less than 5 Iband the control wheel force must be less than 3 Iber
the autopilot to engagelf the forces exceed these valugshen attempting to engage the autopilot results
in an autopilot disconnect warning.
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The normal autopilot disengagement mechanism is via the quick disconnect pushbutton switches on the
AADOAET 8 Gofficarls Aontr@Ende&2IS. An alternate disengage ethanism is provided by the
disengage bar located on the bottom edge of the MCP just below the engage buttons. An amber strip is
exposed when the bar is down to positively indicate activation of the disengage bar. Pressing a lighted
engage pushbutton ale disconnects the autopilot (except when dual engaged for fad operational
autoland? in this case only the corresponding channel disconnects).

Certain failures of the EDFCS or interfacing systems will cause the autopilot to automatically disconnect
when the failure occurs. The autopilot may also automatically disconnect upon use of certain source
select switches but can (sometimes) be reengaged.

Upon autopilot disconnect, the autopilot disengage light on the Autoflight Status Annunciator will
indicate discmonnect by flashing red. The annunciator is located just above both the Captain's and First
Officer's inboard displays. This will be accompanied by an aural warning. The pilot may reset the
warnings by pressing the autopilot disengage switch on the wheel dhe light on the Warn Annunciator.
The warning will continue for 2 seconds regardless of how quickly the pilot might reset the warning.

1.6.5.7Flight Director

Selecting a Flight Director toggle switch to the ON position activates the Flight Director. The leftiteh
enables the Flight Director Command bars on the captain's primarffight display (PFD). The right switch
enables them on the first officer's display. When a Flight Director is initially selected ON, the bars will be out
of view and there will be no &tive mode. Subsequent use of the TOGA switch or an MCP mode selection will
bring the bars into view.

The Flight Director Master light located next to the switch indicates which baro correction is currently in

use by the autopilot/Flight Director for calcuations such as Altitude Alert or Altitude Acquire. Under normal
operations, the left FCC provides the Flight Director commands for the left display and the right FCC
provides similar commands for the right display. The Flight Director Command bars are lsiad out of view

ET OEA AOGAT O T &# A 11T AA EAEI OOA8 &I ECEO $EOAAQOI O -
display when the autopilot is not engaged. Flight Director Modes may be engaged and used alone or may be
displayed in conjunction with autopilot operation.
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1.6.5.8AutoThrottle

Overview

The auto throttle (A/T) system provides automatic thrust control from the start to takeoff through climb,
cruise, descent,approach and ggaround or landing. The A/T system controlsenginethrust in response to
the mode selected by theflight crew through the EDFCS, ModeControl Panel (MCP), Flight Management
Computer (FMC) andADIRU.

The speedinformation taken from the ADIRUIis used to calculatehrottle lever rate commandsto set engine
thrust during changing flightconditions. All the information is processed byFCGC which providescommands
to the thrust lever servomotors controlling thrust lever movement.

The auto throttle Arm switch is a magnetically held tweposition switch, located on the left sile of the MCP,
between the IAS/MACH display window and the left Flight Director toggle switchArming the A/T is
preparing thesystemto engage irthe N1, MCPSPD,or FMC SPDnode. A green light near theauto throttle

Arm switch is illuminated when the auto throttle Arm switch is in the ARM positolA T A O! 2- 6 ADH
the Flight Mode Annunciator (FMA)portion of the PFDIn the ARM state theauto throttle will accept mode
requests from the autopilot or TOGA switch and engage the appropriatuto throttle mode. While on the
ground, the FMQhrust reference must be takeoffmode for theauto throttle ARMswitch to hold in the ARM
position and arm the system.When in the ARM state, the flight crew can set thrust lever position manually
and theauto throttle will not alter those flight crew inputs.

Moving the auto throttle Arm switch to OFF or activating arauto throttle quick disengage switch (which
causes theauto throttlearm switch to move to the OFF position) disconnects thauto throttle. Therewas an
auto throttle quick disengage switch installed on the outside edgef each thrust lever.The A/T disengage
light will illuminate when A/T is disengaged. In addition to the ARM state, there areifeauto throttle modes

N1, Speed, Géround, Retard and Throttle Hold. Foreachflight phase the flight crew canselectthe A/TN1

or speedmodesfrom the MCP ordirected by the FMC. Duringtake off, pushing TO/GA switch engagesthe

A/T in N1Imode and causesthe enginethrust to increaseto the take off (TO) N1.
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TABLE11: AUTOTHROTTLE MODES

Mode Function

Speed Maintain a user-selected speed. Throttle will be controlled
from idle up to the N1 thrust limit shown on the EICAS display
as needed. Throttle movements occur at a slow throttle rate.

N1 Maintains thrust at the full N1 limit.

Go-Around Advances thrust sufficient for a reasonable climb. Further
advances thrust to G/A limit if TOGA switch pressed a second
time.

Retard Retard throttles to idle during level change descents and flare.

Throttle Hold Holds thrust lever position (autothrottle servomotors
depowered) during takeoff when speed exceeds 80kts to
protect against autothrottle erroneous retard failures.

A/T and computers
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FIGUREL15: A/T SYSTEM- GENERAL DESCRIPTION

The FMC calculates thrust N1 limits and N1 targets for each flight phase. The data goes to the Display
ProcessingComputers (DPC). The DFC shows the N1 limits on theengine display. The DPC send the N1
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targets to the EECs which calculate equivalent TRA targets to send to the A/T to set thrust. The A/T uses the
EEC TRA targets to set thrust during takeoff, climb, amdAXthrust go-around.

The FMC also sends N1 targetsrdctly to the A/T. During takeoff andMAXthrust go-around, the A/T uses
EEC TRA targets and FMC N1 targets to set thrifstertain air data parameters from left and right ADIRUs
are sufficiently far apart to fail a reasonableness check, the FMC invalida its N1 limit mode output.

The A/T function converts the target N1 values from the FMC to an equivalent TRA target. The target N1
rating is dependent on the FMC engaged mode.

During takeoff, climb, andVAXthrust go-around, the FMC N1 targets are the sz as the N1 limits.

The A/T function in FCC A sends A/T discrete digital data to both FCCs. The FCCs use this data to determine
the mode the A/T is in and to which modes it will allow a change.

The FCCs send mode request discretes to the A/T to select Affodes consistent with the active EDFCS
mode. The A/T needs also a valid N1 target from the FMC to switch from the ARM mode into another mode.

1.6.5.9SMYDC

AUTOSLATS

The autoslat system is designed to enhancarplane stall characteristics at high angles of attdc during
takeoff or approach to landing. Whente flaps 1 through 25 are selected, the d&ling edgeslats are normally

in the extended position. As the airplane approaches the stall angle with the slats in the extended position,
the slats automatically begn driving to the full extended position prior to stick shaker activation. The slats
return to the extended position from the full extended position when the angle of attack is sufficiently
reduced below the stall critical attitude, when flaps are raiseda up, or when computed airspeed exceeds
230Kt. Autoslat operation is controlled by the SMYD computers using angtd-attack to determine when the
airplane is approaching stall; either SMYD can provide the autoslat function by itself.

YAWDAMPER YD)

At low angle of attack, YD dampens sideslip induced laterdlrectional motion and provides turn
coordination. At high angle of attack, turn coordination is disabled, yaw damper does not suppress sideslip
and has a reduced Dutch roll damping.

The yaw damper sysem consists of a main and standby yaw damper. Both yaw dampers are controlled
through Stall Management/Yaw Damper (SMYD) computers. The SMYD computers receive inputs from both
ADIRUs, both control wheels and the YAW DAMPER switch. SMYDs provide yaw danrgasts to the main
rudder Power Control Unit (PCU) or standby rudder PCU, as appropriate.
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STALL WARNING

Natural stall warning (buffet) usually occurs at a speed prior tostall. In some configurations the margin
between stall and natural stall warning is less than desired.Therefore an artificial stall warning device,
astick shakerisusedto provide the required warning.

Eachcontrol column hasan eccentric weight motor which canvibrate the column to alert the pilots before a
stall developsThe systemis armed in flight at all times.The systemisdeactivatedon the ground, exceptduring
the ground test. Two independent,identical SMYD computers determine when stall warning isrequired
based upon:

- Alpha vaneangle ofttackoutputs- Wing configurations
- Air/ground - ADIRUoutputs

- SensingThrust Antizice controls

- FMC outputs

The AOA sensor is connected to the SMYD and provides theasuredangle of direction of air flowrelative
to the fuselage. If theAOAsensor detectsan excessive angle oattack comparedto the design characteristic
of the737 MAX8, the SMYD willactivate the stick shakerto provide aural andtactile alert to the flight crew.
Two SMYDcomputers provide output for stall warning to include stick shaker, PitchLimit Indicator, and
maneuver and operating air speed limits. The SMYD1 activateshe # ADOAET 80 OOBMEDR OE /
activates the F/O stick shaker. Vibrations from either stick shaker can be felt in bottolumns through the

mechanical columninterconnect.

SPEED LIMITS

The speed limits compuéd by SMYD are described in the following table.
TABLE12: SPEED LIMIT

Recorded parameter Meaning/display impact
Maximum Maneuver | HIGHSPDBUFFETSPDFDR Speed tape impact: bottom of the ambe
Speed/High Speed bar below VMO/MMO providing 1.3 G
Buffet manoeuvea capability
Minimum Maneuver | FCMINOPERATINGSPDFDR Speed tape impact: top of the amber ba
Speed above the minimum speed (black and rec
lower stripes)
Minimum Speed STICKSHAKERSPEEDSMYDC1FDF Speed tape impact: top of the blackral red
STICKSHAKERSPEEDSMYDC2FDF lower stripes.
Stick shaker speed.

62



Aircraft Accident Investigation Report B737 - MAX 8, ETAVJ December 2022

Note: When flaps are up, the bottom of the amber bar indicates Meximum maneuver speed. This airspeed
provides 1.3 G maneuver capability to high speed buffet (or an alternative approved maneuver capability set
the FMC maintenance pages).

1.6.5.10 Pitch Control System

Pitch control for the Boeing737-MAX8 is provided by two elevators and a horizontal stabilizer, which are
both moveable control surfaces located on the empennage

ELEVATOR SYSTEM

The Boeing737-MAX8 elevabr control system provides primary pitch control of the Airplane using two
elevators that are hydraulically powered with manual reversion availablein theevent of a loss of
hydraulics.This control system is activated by fore and aft motion of the captainand first officer's control
columns, which are connected via a torque tube with a forward cable contrquadrant mounted at each end.
Elevator control cables are routed from the quadrants aft and attach to a pair of aft elevator control
quadrants, which ae mounted on the lower elevator input torque tubé2. This tube is mechanically
connected, via linkages, to each of the two power control units (PCUSs) input control arm assembly. When
rotated, the lower torque tube input arm assembly provides a simultanags command to each PCU to extend
or retract. The two PCUs operate in unison and are powered by separate hydraulic systems, the left unit
AOI I EUAOAOI EA OUOOAI O!'6 DPOAOOOOA AT A OEA OECEO
each PCU isonnected to the upper torque tube, which is directly linked by pushrods to each elevator.

ELEVATOR FEEL SYSTEM

An elevator feel computer provides simulated aerodynamic forces on the control column based on total
pressure (from two dedicated pitot probesmounted on the vertical stabilizer) and stabilizer position. Feel
force is transmitted to the control columns by the elevatdieel and centering unit.To operate the feel system
the elevator feel computer uses either hydraulic system A or B pressure, whichenis higher.

Stall identification is enhanced by the Elevator Feel Shift (EFS) module and tBeeed Trim System (STS)
The STSis a function within the Flight Control Computers which enhances speed stability characteristics.
MCAS is a sub function ofhe speed trim system.The increased force gradient provided by the MCAS

The aft elevator controls are located in the empennage aft of the stabilizer rear spar.
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function, combined with EFS, provides a means for pilots to identify impending stall, along with other cues
such as stick shaker, buffet, elevated AOA, and other flight deck indicatson

During high AOA operations, the Stall Management/Yaw Damper (SMYD) reduces yaw damper commanded
rudder movement. The EFS module increases hydraulic system pressure to the elevator feel and centering
unit during a stall. This approximately doubles contrb column forces for a typical stall entry. The EFS
module is armed whenever an inhibit condition is not present. Inhibit conditions ardirplane on the ground,
radio altitude less than 100 feet, or autopilot engaged. However, if EFS is active when descegdhrough

100 feet RA, it remains active until AOA is reduced below approximately stickshaker threshold. There are no
flight deck indications that the system is properly armed or activated. As airspeed decreases towards stall
speed, the speed trim systentrims the stabilizer nose down and enables MCAS above stickshaker AOA. With
this trim schedule the pilot must pull more aft column to stall theAirplane. With the column aft, the amount

of column force increase with the onset of the EFS module is more piaunced.

HORIZONTAL STABILIZER

As shown inFigure-16 the horizontal stabilizer controls the pitch trim of the Airplane; its leading edge can
be moved to amaximum position of 4.7 degrees up and 121 degrees down by the rotation of a jackscrew,
which is comected to the front spar fitting of the stabilizer via a ballnut.

The horizontal stabilizer is positioned by a single electric trim motor controlled through either of the
OOAAEI EUAO OOEI OxEOAEAO 11T AAOCAA 11 &%pded BrilniSys@d,6
including the Speed Trim function and the MCAS function, can also command the trim motor when the
autopilot is off. The main electric and=CC automaticstabilizer trim functions eachhave two speed modes:
High speed with flaps extendedand low speed with flaps retractedor both flaps extended and flaps
retracted, the main electric trim rate is faster than the FCC automatic stabilizer trim ratéf. the autopilot is
engaged, actuating either pair of stabilizer trim switches automaticallydisengages the autopilot. The
stabilizer trim wheels rotate whenever electric stabilizer trim is actuated. The stabilizer may also be

positioned by manually rotating the stabilizer trim wheels.
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FIGURE16: HORIZONTAL STABILEER MOVEMENT

The total range of the Horizontal Stabilizer movemenis 17.1degrees or(nits) which are depicted on the
scale onthe stabilizer trim indicator located onthe center pedestal inthe cockpitas shownin Figl?7,
when the stabilizer trim indicator is at the zero position, the Horizontal Stabilizer is at its full leadingedge
up position (Airplane is trimmed full Airplane nose-down).
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FIGURE17: STABILIZER TRIM INDICATOR

1.6.5.11 Operationwith Autopilot Off

Electric Trim Switch Control

Stabilizer trim can be commanded by the flight @w by using electric trim switches located on the outboard
OEAA T £ OEA AAPOAET 60 AT A EEOOO 1T £EEAAOCO AT 1 00711
control) mounted side by side; when activated, the arm switch closes a relay to providee main electric
trim arm signal(28V DQ to the stabilizer trim motor; while the control switch provides the directional
control to the stabilizer trim motor. Both switches (arm and control) must be activated in ai\irplane nose
up or nose down direction n order for the stabilizer trim motor to rotate the stabilizer jackscrew to
reposition the horizontal stabilizer.
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-

FIGURE18: TRIM SWITCHES ON HE LH YOKE
Manual Trim Wheel Control

Manual stabilizer control is accomplished through cables which allow theilpt to position the stabilizer by
rotating the stabilizer trim wheels. Each trim wheel is equipped with a manually deployable handle (visible
in Figure 19), though the wheel can also be moved by grasping the rim without deploying the handlée
stabilizer is held in position by two independent brake systems when there is no electric command present
to move the stabilizer. Manual rotation of the trim wheels can be used to override the brake systems,
autopilot, or main electric trim. The effort required to manually rotate the stabilizer trim wheels may be
higher under certain flight conditions. If the stabilizer trim system is actively trimming, grasping the
stabilizer trim wheel will stop stabilizer motion. Approximatelyl5 rotations of the stabilizer trim wheel are
required for each degree (unit) of stabilizer movement.
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FIGURE19: THE TRIM WHEEL, WITH THE HANDLE EXTENED

a) Speed Trim Function

The 737-300, 400 and500 (737 Classic) as well as the600/700/800/900 (737 NG) family of Airplanes
incorporated a $eed Trim System to augment the basiirplane's speed stability during certain low speed,
high thrust flight conditions by moving the horizontal stabilizer during manual flight (autopilot not
engaged). The STS was carried over to the 737-8/-9 (737 MAX) family of Airplanes. Additionally, on
737MAX Airplanes, the MCAS function was added to the STS to address the pitch characteristics described
above

The Speed Trim function, which is part of the Speed Trim System, is implemented as a control law witHie t
flight control computer (FCQG3), and commands incremental stabilizer trim through the automatic trim
control system circuitry. There are two different stabilizer trim rates depending onthe position of the
flaps'4. A schedule determines the desired inemental stab deviation from the last trimmed position as a
function of airspeed and flap position.

2 The flight control computers (FCC) are part of the Enhanced Digital Flight Control System.
14 When the flaps are down, the stabilizerate is three times faster than when the flaps are up.
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b) MCAS

The MCAS is a function within the Speed Trim System and, when activated, moves the stabilizer during-non
normal, flaps up, manual flight, high angle ohttack maneuvers to provide a desirable increase in stick force
gradient and improved static longitudinal pitch stability. Similar to the Speed Trim function, theMCAS
function is also a flight control law® contained within each of the two FCCnly one FCC at a time is
permitted to send Speed Trim System commands to the stabilizer trim motoAt Airplane power-up, the
master FCC defaults to the left side FCC; and will then alternate between the left and right FCC by flight.
Certain failures cause the masr FCCto change in flighfThe master FCC is not affected by thmosition of the
Flight Director switches. The FCCs receiveénputs from several systems including the Air Datdnertial
Reference SystemHKig. 20). Specific to the MCAS, the control law commds the stabilizer trim as a function

of the following: air/ground signal, flap position, angle of attack, pitch rate, true airspeed and Mach.

737 MAX MCAS jonsrse
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FIGURE20: DIAGRAM SHOWING Tl COMPONENTS OF MCAS

15 MCAS is an open loop flight control law.
16 Reference Boeing 737 MAX MCAS briefing, dated March 25, 2019
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The AOA and Mach inputs are provided to each FCC by the assted air data inertial reference unit
(ADIRU). Each ADIRU receives AOA information from one of the two resolvers contained within the
associated AOA sensor (i.e. the Left ADIRU uses left AOA vane and the Right ADIRU uses the right AOA vane
Information from the other resolver contained within the AOA sensor is provided to the Stall Management
Yaw Damper Computer (SMYD), which is used, along with data from other sources, for the purpose of
calculating and sending commands to the Stall Warning System (S)WS

As originally delivered, the MCAS became active during manualtopilot not engaged) flapsup flight when

the AOA value received by the master FCC exceeded a threshold based on Mach number. When activated
the MCAS provided a high rate automatic tnn command to move the stabilizer towardsAirplane Nose
Down. The magnitude of theiirplane nosedown command was based on the AOA and the Mach. After the
non-normal maneuver that resulted in the high AOA, and once the AOA fell below a reset threshold, MCA
would move the stabilizer to approximately the original position and reset the system. At any time, the
stabilizer inputs could be stopped or reversed by the pilots using their yokenounted electric stabilizer trim
switches, and then the MCAS system Wikset after a 5 second delay.

The latter behavior is based on the assumption that flight crews use the trim switches to completely return
the Airplane to neutral trim. In the FCC software version current at the timefahe accident, if the original
elevated AOA condition persists for more than five seconds followingompletion of a main electric trim
input, the MCAS flight control law will command another stabilizer nose down trim input (with the
magnitude based on the AOA and Mach sensed at that time).

On all 737 models column cutout switches interrupt stabilizer commands, either from the autoflight system
(e.g. FCC) or the electric trim switches in a direction opposite to elevator command. On the 737NG l¢liAK
two column cutout switching modules, onefor each control column, are actuated when the control columns
are pushed or pulled away from zeo (hands off) column position.When actuated, the column cutout
switching modules interrupt the electrical signals to the stabilizer trim motor that are in oppsition to the
elevator command.

The MCAS function requires the stabilizer to move nose down in opposition to the column commands when
APDPOT AAEET C EECE AT CIAO T &£ AOOAAES8 41 AAAT I 1T AAOD/
switching module was modified to inhibit the aft column cutout switch while MCAS is active, allowing
Airplane nose-down stabilizer motion with Airplane nose-up column input. Once MCAS is no longer active,

the normal column cutout function in the stablizer nose down direction is reinstated. Although the column

17 The SWS operates the control column stick shakers to alert the crew when the Aircraft isaming an aerodynamic stall.
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cutout function will not interrupt an MCAS input, any main electric trim input would immediately override
any MCAS command and the stabilizer will move in the direction commanded by the flight crew.

Operation with Autopilot On

When the autopilot is engaged, the autopilot logic provides automatic trim up and trim down commands to

the horizontal stabilizer to reduce the need for any sustained deflection of the elevator. Neither Speed Trim
nor MCAS are active when thautopilot is engaged.

When the autopilot is engaged, the FCC provides automatic trim up and trim down commands to the
horizontal stabilizer and this moves the stabilizer to reduce the amount of trim held by the elevators.

STABILIZER TRIM CUTOUT SWITCHES

There are two stabilizer trim cutout switches located next to eacbther on the aisle standust aft of the flap
lever. They are identified as the STABIRIM PRI (stabilizer trim primary) cutout switch and the STAB
TRIMB/U (stabilizer trim back up) cutout switch. If either switch is positioned to CUTOUTpower is removed
from the stabilizer trim motor and neither main electric trim nor automatic trim canmove the stabilizer.

1.6.5.12 PFOndications

The Display Processing Computer (DPC) in tHdAX Display System procseses he data displayed on the

PFDs.The Boeing 737MAX 8 has two DPCs. The DPC receives ARINC 429 digital data and analog discrete
from various Airplane systems The DPCs processes these data to be displayed on the Display Units (DU)
located within the flight deck. Both DPCs receive data from both the left and right ADIRU and either DPC is
AAPAAT A T £ AOEOET ¢ OEA AAPOAET 80 AT A EEOOO 1 EEEAA
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FIGURE21: MAX DISPLAY SYSTEM

PFD flags

In the event of certain system failures, the data provided tohe Display Processing Computer (DPC) may
become invalid, e.g. No Computed Data (NCD) or Failure Warning (FW)esponse, DPC and the Primary
Flight Display (PFD) will show a flagnstead of the particular parameter (ALT, SPD, ATT, etc.) with amber
color and the particular parameter will not be shown in the PFxig. 22provide an example of the speed and
altitude (ALT) flags.
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1.6.5.13IASand ALT Disagree

"TOE $0#0 Al i DAOA AAA Easd tiataHe @dtals natAsidifar adderfain ¥alues EaA
certain period of time, the corresponding disagree message will be displayed on both PFDs.

1. IAS disagree (Indicated Airspeed disagree) message appears if the airspeed indications on both PFDs
different by more than 5Kt for more than 5 seconds

2. ALT disagree (altitude disagree) message appears if the altitude indication on both PFDs different by
more than 200 feet for more than Sseconds.
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FIGURE23: IAS AND ALT DISAGREBMESSAGES ON THE PFD

MINIMUM MANEUVER SPEED AND MINIMUM SPEED
The minimum maneuver speed is indicated by the top of the amber bar on the PFD when thieplane is in
flight. This airspeed provides:

1 The 1.33 maneuvers capability to stick shaker below approximately 20,000 feet.

1 The 1.3g maneuver capability to low speed buffet (or an alternative approved maneuver capability
set in the FMC maintenance pages) above approximately 20,000 ft.

The minimum speed is indicated by the red and black barber pole. The top of barber pole indicaties speed
at which stick shaker occurs.
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Minimum Maneuver Speed (amber)

Minimum Speed (red and black)

FIGURE24: Minimum Maneuver Speed and Minimum Speed Indications on the PFD

MAXIMUMOPERATING SPEED

The Maximum operating speed Maximum Mach operating speed (NMMO) or Maximum operating speed
(VMO is displayed bythe red and black barber pole warning band and théaximum maneuver speed is
displayed by the amber bar on top of the speed tape indication on the PFD. TMaximum operating speed is
shown in Figure 25 below. The bottom of the barber pole indicates thdlaximum speed as limited by the
lowest of the following:

1 Vmo/Mmo

1 Landing gear placard speed

1 Flap placard speed

When an overspeed condition occurs, a clacker aural warning wilbe active. The warning clackers can be
silenced only by reducing airspeed below VayMmo.
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Maximum Operating Speed (red and black)

FIGURE25: MAXIMUM OPERATING SPEED

1.6.5.14 Alerts and Warnings

GPWSMode 3 A

Mode 3 provides alerts for significant altitude loss after takeoff or low altitude g@around with gear or flaps
not in the landing configuration. The amount of altitude loss thiais permitted before an alert is given is a
function of the height of theairplane abovethe terrain as shown below.This protection is available until the
EGPWS determines that thdirplane hasgained sufficient altitude that it is no longer in the take& phase of
flight. Significant altitude loss after takeoff or during a low altitude gearound activates the EGPWS caution
lights and the auralmessag® O$B) 864h $/ .84 3). +08

The aural message is enunciated twice for each 20% degradation in altitudepdh establishing a positive
rate of climb, the EGPWS caution lights extinguish and the aural alert will cease.

The following system's inputs are used for Mode 3 operation:

Radio altimeter transceivers
Left and right ADIRUs
GPWS module

Landing gear handle witch
SMYDC 1 and 2.

E R
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The GPWC uses this data to detect mode 3 alerts:

Radio altitude

Inertial altitude

Inertial vertical speed
Barometric altitude
Barometric altitude rate
Flap angle

Gear position.

= =4 =4 -8 a8 -8 1

The alert envelope isasfollows:
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FIGURE26: ALERT ENVEL®E FOR THE MODE 3ARROM AMM §3449-00)

1.6.5.15FEEL DIFF PRESSALERT

The elevator feel computer uses hydraulic pressure from the system A and B flight control modules. When

December 2022

there is a difference of 256 percent between system A and system B metered pressure the feffferential

pressure switch closes. When this switch is closed for more than 30 s, the FEEL DIFF PRESS light illuminates

(Overhead panel).

The FEEL DIFF PRESS belongs to the flight control (FLT CONT) master caution group (left side glareshield).
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1.6.5.16 Overspeed

Two independent Mach/airspeed warning systems (one for each side) provide a distinct aural warning
(clacker sound), as long as theMaximum operating airspeed (VMO/MMO) is exceededThe signal is
triggered by the ADIRU

1.6.6 WEIGHT AND BALANCE

The Airplane left the stand with a weight of72,011kg;the weight was distributed as follows:

1 Operating Empty Weight: 47,09@g;

1 Passenger weight (148&dults and 2 children): 11,30%g;

1 A lastminute change (LMC) corrected the final weight to take into account the rshow of

one passenger {100 kg).

1 Hold weight (baggagé?): 2,912kg;

1 Block fuel: 10,700 kg.
The taxing fuel weight was 11%g. The takeoff weight was 71,89Kg. The regulated takeoff weight is 72,400
kg.Takeoff Center of Gravity (CG) was 23.12.

For this flight, the weight and balance determined by the crew of thAirplane was within the limits defined
by the manufacturer.

1.7 METEOROLOGICAL INFORATION

The accident occurred at 0514 UTC. The pertinent Addis Ababa Bole International Airport, (HAAB) surface
weather observations provided by the National Meteorological Agency of Ethiopia are as follows

TABLE 13: MET DATA DURING THE EVENT

MET REPORT HAAB 100300z MET REPORT HAAB 100330z MET REPORT HAAB 100400z
Wind RWY 25 06018&T Wind RWY 2506010KT Wind RWY 25 05008KT

RWY 07 07004T RWY 07 06006KT RWY 07 05006KT

Vis 10km Vis 10km Vis 10km

CLD FEW 750M CLD FEW 750M CLD FEW 750M

T/TD 13/11°C T/TD 13/11°C T/TD 13/110C

QNH 1028 HPA QNH 1028 HPA QNH 1028 HPA

QFE 776.0 HPA QFE 776.2 HPA QFE 776.5 HPA
METREPORT HAAB 100430Z MET REPORT HAAB 100500Z | MET REPORT HAAB 100530Z

®There was 205 kg of mail on board the Aircraft according to the load sheet
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Wind RWY 25 05008T

Wind RWY 25 06008T

Wind RWY 25 07018T

RWY 07 05008BT

RWY 07 0500BT

RWY 07 0501BT
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FIGURE Z:

FIGURE®B: WIND FROM BELOW LINK
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DATE AND TINE 10/03/2019

PLACE OF ORIGIN HAAB

WSET 31 HAAA 100400z

HAAB SIG MET1 VALTD 100500/100900 HAAA

HAAB ADDISABEBA CD TURRFCST=

TAF from Addis Ababa Bole International Air Port

TAFHAAB 092130Z 1000/1106 09008KT 9999SCT028 SCT® BECMG 1007/1011 12008T BKT026=

TAF HAAB100330Z 10061112 12010G2KT CAVOK BECCMG 100912 16016 KT BECMG 10121015
10012G2XKT=

MET REPORT HAAB 1005002

wind - runway 25: 060 degrees 8Kt, and runway 07: 050 degrees Bt Visibility: 10km; few cloud 750 m;
temperature: 16°C; dew point:10°C QNH 1029 hPa; QFE: 776.8 hPa

MET REPORT HAAB 100530Z

wind - runway 25: 070 degrees 1&t, runway 07: 050 degrees, 1Rt Visibility: 10km; few cloud 750 m;
temperature: 17°C; dew point:09°C QNH 1029 hPa; QE: 777 hPa

1.8 AIDS TO NAVIGATION
Not applicable

1.9 COMMUNICATION

The Ethiopian Accident Investigation Bureau obtained VHF communications information and transcribed
pertinent portions of the communications between the flight crew and air traffic control. The VH
Communication frequencies involved were: Ground 121.29 MHz, Tower- 118.1 MHz & Departure (radar)
is 119.7 MHZ.

80



Aircraft Accident Investigation Report B737 - MAX 8, ETAVJ December 2022

1.9.1ATCCommunication with ET- 302

1. At 05:14 ETH302 from stand 6 of main apron called ground control on VHF 121.9 MHZ and requested
start engines and pushbackdestination Nairobi FL 360

2. At 05:16 ATC approved start and push back clearance for E1392;

3. At 05:24 ATC issued taxi clearance for EFBD2 to holding position RWY 07RB 25RAand the pilot
acknowledged

4. At 05:28 Airway clearances issued by ATC to ETH 302 and released to 118.1MHZ
5. At 05: 30 ETH302 contacted tower 118.1MHZ and instructed to hold on alpha 07R
6. At 05:37 ETH302 reported to tower ready for departure;

7.At 05:37:51 ATC issued take off clearance to 88D2 and contact radar on 119.7MHZ

8. At 05.39:17 ETH302 contacted radar 119.7MHZ and reported SHALA 2A departure crossing 8400
climbing 320;

9. At 05:39:40 Radar controller identified ETH302 and instructed to climb 340 able rights direct RUDOL
and ETH302 acknowledge;

10. At 05:40:14 ETH302 reported unable to maintain SHIBA 1A and requested RWY heading;
11. At 05:40:20 ATC approved RWY heading

12. AT 05:41:15 ETH302 reported to ATC they had flight control problem and requested tmaintain 14,000
and ATCapproved;

13. At 05:42:32 ETH302 requested radar control to vector to home and approved
14. At 05:42:47 ATC instructed ETF302 to turn right heading 260 andacknowledged

15. At 05:44:34 ATC called ETFB02 and requested if he could make leturn, but no respond;
16, The ATC called ETHBO2 repeatedly, but no resposefrom ETH-302;

1.10 AERODROME INFORMATND

Addis Ababa aerodrome has two runways whicleonsist of two parallel paved surfaces designated 07R/25L
and 07L/25R. The elevation of the airport is 2333.5 mThe Airplane took off on runway 07R which was
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3800m long and 45n wide. The runway was not grooved but visual inspection revealed a very smooth
runway with proper crowning .

Airport name Addis Ababa Bole Int. Airport
Airport identific ation HAAB

Airport operator Ethiopian Airlines Group
Certificate number Adm. AC/01/2006 ETH/

Certificate dated 1 June 2015

Cetificate effective for 2 years

Runway Direction 07R / 25L

Runway Lengh 3800 m

Runway Width 45 m

Surface Condition Asphalt Concrete

The RWY has performed adequate skid resistance to ensure safe landing and takeoffAwplane; the level

of skid resistance provided by gpavement surface is expressed in terms of the surface friction value. The
smaller values mean poorer friction and more slippery conditionghe runway surface condition (friction
measurement or estimate of the braking action) at Airport is measured using Mu-meter. Accordingto the
Airfield Services Division procedure the runway shall be measured by towing the Mueter back and forth
five to ten meters from the centerline of the runway at 65 kilometers per hour.

Bole International airport RWY friction testhas been done by test speed which is indicated below by friction
coefficient.

Tablel4: RWY FRICTION COEF. VALUE

No | RWY designation | Friction coefficient values (%) Remarks
A |B |C Average

1 |RWYO7R 58 |62 |54 58 Medium

2 | RWY 25L 66 |58 |67 63 Good

Measurement has been carried out on a long line on each side of the center line, approximately 3m or the
distance from the center line on which most operations took place.

1.10.1 Aerodrome Inspection

The EAIB investigation, Airworthiness group chairman and teammembers obtained permission to walk the
runway and its sides to check for airplane debris and any evidence of a bistrike or tail strike. The
Investigators walked the area of runway 07R (12,400 feet in length) highlighted in green in th@cture 29
below. The length and width of the runway inspected waspproximately 3,000 feet and 156t to the left and
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right of the centerline. The team started the search in the vicinity of taxiway C and extended toward taxiway

D as well as back towards taxiway B. Thogegarticipating in the walk searched along in the grass and the
runway side where small broken rocks were. The team walked two rounds along the same area but there
were no bird remains and AOA vane wreckage. The investigation team confirmed that there wasewidence

of a bird and AOA vane remains in the highlighted search area. The team also noted no evidence of damage
to the runway surface in this area consistent with a tail strikeFDR data shows that Left AOA deviations
began when theaiplane was locatedover taxiway D.

Area of search

Previous lift off points of
accident airplane

PICTURE:29 AREAOF SEARCH FOR AOA VANE & BIRD REMAIN

The analysis part of Collindaboratory simulation test for the AOA vane was presented to the EAIB. Even
though bird strikesmaybe one of the causes, a wide range of power quality grf@ms and error sources that
AAT AEEAAO A1 AEODPI AT A6O0 AI AAOOEAAT AT A Al AAOOT T |
output signals were not analysed.

Despite the two fatal accidents and the electrical problems associated with the AOASars, Collins

Aerospace did not evaluate the electrical installation and testing procedures being performed by Boeing

production.

The following partial list could have been considered in the analysis:

a. Damaged EWIS resulting in short circuits or open citgts
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b. Circuit component failures and overloaded circuits resulting in changes to rated voltage,
current, resistance

c. Reference carrier frequency and amplitude variations
d. Improper bonding and/or grounding
e. EMI, HIRF, Noise
f. Mechanical failures
Hence the investigation team cannotA T | | AT O AT A OAOEA&AU 11 OEA AT T Al O

On both RWY sides there werstationed people whoused toprotect the area from Birds, whenever any wild
animal or bird dies around the area they immediately collect iso as not to be attracted by other big birds or
small carnivorous animals therefore, according totheir witness reports there was no bird or other remains
found.

The investigation team wasalso appraising of the bird control program at Addis Ababa Intermational
Airport. This consists of a number of individuals stationed in the grass area between the two runways. These
individuals have shotguns which are used to startle noted birds so that they avoid the area immediately
adjacent to the runways.

1.10.2 RUNWAY (RWY) and TAXI WAY (TWY) Markingsand LGT

Runway LGT edge elevated hdirectional and brilliance control of combination of white and amber lights.
Threshold lights: Green light across displaced threshold

TWY markings: Centerline. Taxi holding position ege TWY designator boards

TWY LGT: Edge elevated Omni directional blue lights.

1.10.3 RWYInfrastructure

The runway, stop way and taxiway surfaces are all covered in tarmac. The aerodrome has night lighting. All
of the obstacles are equipped with lighting syiems. The runway has white runway lights, red runway end
lights and green unidirectional threshold lights. The stop ways have red lights. Runway 25, which is
equipped for instrument approaches, has centerline approach lighting over a distance. No operatabn
anomalies were noted in the lighting either by the crew of flight MSR 851 or by the crews of having used it
before and after the accident
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FIGURE31: RWY & TAXI WAY LAYOUT

The Addis Ababa Bole International Airport is te major hub for Ethiopian Airlines and one of the largest
airports in Africa. The ultraamodern airport terminal was inaugurated on January 21, 2003. This terminal
handles all international flights with its modern facilities.

Addis AbabaAirport is the busiest airport in East Africa with a capacity of providing world class passenger
and cargo services to more than 6.5 million international and domestic passengers each year
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1.11 FLIGHT RECORDERS
The Airplane was equipped with a Digital Flight Data Recorde(DFDR) and Cockpit Voice Recorder (CVR),
which were located in the aft cabin and aft cargo hold (respectively) section of tigrplane.

AL

FIGURE32: DFDR AND CVR AS DISCOVERED ON THE ACCIDENT SITE.

1.11.1 Digital Flight Data Recorder

The Airplane was equipped with a FA2100 NAND DFDR manufactured by t&m with part number 2100-
4945-22 and serial number 001217995.

On 11 March 2019, the DFDR was recovered from the accident site by E&IB. On 12 March 2019 the DFDR
chassis with the Crash Survivable Memory Uni(CSMU) attached were transported to the French BEA
recorder facility for data downloading.

The delegation fromEthiopia (EAIB) arrived at the BEA facilities. The team visited the BEA facilities and an
agreement was prepared to describe how the readoubperations would be performed. Following the
signature of theexecutive technical cooperation program documerthe recordei® data recovery operations
started. National Transportation Safety Board (NTSB) of the United States of America as Accredited
Represntatives, advisors (Boeing, FAA and EASA) participated in the operatidhe Bhiopian EAIB had
brought a suitcase containing the equipment that was recovered on the accident site:

- A complete recorder (chassis and CSMU)

- A CSMU separated from its chams
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- A chassis without its CSMU
The information provided by the manufacture indicated that the Airplane was fitted with the following
recorders.

TABLE15: FDR, CVR IDENTIFICATION

FDR CVR
Manufacturer L3-com FA2100 NAND L3-com FA2100 NAND
Part number 2100-4945-22 2100-1925-22
Serial number 001217995 001289168

The opening of the recorders and data extraction were done following BEA FA2100 NAND procedure, which
is based on theAlK Accident Investigator Procedure, FA2100 seyiBev 7 date 16th September 2015
published by L3 communications (reference 905E1436-22).

FIGURE33: DFDRIN THE SUITCASE

The memory puck was opened and the electronic board containing the memory component support was
extracted. The memory board identification wasP/N 205-E5458-04, S/N 001157901 and the flex
identification was 024-E5675-20 REV, 18091.
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FIGURE34: FDR MEMORY BOARD, FLEX AND CONNECTOR

The memory board was visually inspected with a Keyence microscope. Apart from the connector pads, the
memory board was in good condition. There was no trace of impact. The two memory chips as well as the
micro-processor were found in good condition.

The recorder readi OO0 xAO DPAOAI O AA AU " %! j" OOAADO Ad %l NOb
civile) investigators for the Ethiopian Accident Investigation Bureau [EAIB) under the authority of Ethiopian
investigators with the participation of the U.S National Transportation Safety Board (NTSB), The Boeing
Company, U.S Federal Aviation Administration (FAA) and EASA.

The downloaded file provided more than 73hrs of valid data, including the flight of the event. The FDR data
were decoded using the Boeing data frame provided by the NTSB and described in the documBigital
flight data acquisition unit 737 MAX Data frame interface control and requirementdocument, reference
D226A101-6, rev E dated 10th January 2019.

DFDAUINFORMATION

The validity tests and the way the DFDAU provides the invalidity information to the FDR are defined inside
the appendix B of 73"™MAXData fame interface control and requirements document.
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The following has to be taken into account when analyzing the recorded FDR data:

FDAU records the invalidity pattern once 4 consecutive invalid values have been received. As a
consequence, when an invalidit pattern is detected inside the recorded data, the 4 previous samples
shall also be considered as invalid

- Taking into account the invalidity pattern (Dataz Error code z Dataz 0), an invalidity of a parameter
during less than 6 samples cannot be deteafeinside the recorded data. Indeed, the FDAU would
transmit in this case: 4 samples of data as if they were valid, then the invalidity pattern starting with
the data and then only the error code (the 8 values recorded after the start of the invalidity).For a

parameter recorded each second, up to $of invalidity may not provide any cue inside the recorded
data.

These impacts are illustrated inFig 35 with the same parameter plotted twice (raw recorded values on the
top and engineering values on the bottn).

[ET-AVS, Bosing 7578 max operated by Ethiopian Airlines

5 A soaie o 0033818 T oyl oveanan|  BEA
(== =
1000
Raw values E ( ( R
750 1
J‘
— |
A The 4 previous | Invalidity pattern stopped
samples are also “ C: by a valid value
invalid

25 J

. o -50
Engineering values -/

750

L

-100 —

< 1t Invalidity pattern
P s o DATA/Err code/DATA/00

TCC (5)

FIGURB35: ILLUSTRATION OF THE INVALIDITY RECORDNG
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Specific information for FDR data analysis

Stab trim cutout switches positions

No discrete parameter records the positions of the stab trim cutout switches. However, some recorded
parameters provide information on these positions:

The discrete parameter of the manual electric trim command records command (up or down) only
when both stab trim cutout switches are in the normal position.

The discrete parameter of the FCC trim command records commandatever the positions of the stab
trim cutout switches are. When FCC commands are recorded, if no stabilizer motion is recorded, it
means that at least one stab trim cutout switch is in the CUTOUT position.

ET-AVJ, Boeing 737-8 max operaied by Ethiopian Airfines. 11.16 - Stab trim switches position -
AD Addis-Abeba-Bole, 10/03/2019 DATE: 12082019 B E A’

ec um! B ~ /FCC trim command recorded\
uP
( without any stab move
IMPLIES

Stab trim cutout switchesin the | ———
CUTOUT position

DOWN \

PTU smoothed

05

|
] T

Manual Electric trim

uP

Manual trim
command recorded
IMPLIES |
Stab trim cutout
switchesin the
DOWN
\_NORMALposition / \ J
264430 264435 264440 264445 264450
Cumulated time (second)

FIGURE36: STAB TRIM CUTOUT WITCHES POSITION

MCAS DETECTION
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No discrete parameter records the MCAS activation. However, MCAS activation can be detected with the
following recorded information:

1
2.
3.
4

5.

The autopilot is not engaged
The flaps are retracted

Theinitial stabilizer movementis commanded by the FC in theAirplane nose down direction

If stabilizer moves, the trim rate is 0.27°/sec. (The flap down trim rate is used during MCAS
activations, even though flaps are up).
If stabilizer did not move, the FCC command shall last during a time consistent withe MCAS

computed duration.

If a manual trim command was performed before, MCAS triggers after a delay of 5 s.

YAV, Bosing 737 max oparaied by Einiopien Alines 77,75~ WCAS dofociion -
AD Addis-Abase Bole, 1032015 A one e | BE A

cwse | T T
cws A 1-—A/P OFF (mandatory)

CMD B

SEL
NOT SEL
SEL

NOT SEL
SEL

NOT SEL
SEL
NOT SEL QMDA -

0.75
05 TE FLAP POSN LEFT [DEG]
0.25

2 - Flaps up (mandatory)

o 3 — FCC DOWN command (mandatory)

pown FCC trim

i 4a — toward nose down

"|_PITCH TRIM POSITION [PTU] ///
0s 4 + 4 4 + 4 4 4 + 4 {

60 /\WWWW

CC FORCE-PITCH CWS LOCAL (>0 = Nose Up) [LBS] = = =
4b — despite pilot pulling aft

4 + | + + + +
PTU speed [Unit/s]

4c—A spéed reaching '-0,2"7 un'its/s;

-0.27 units/s (MCAS speed)

up;/—\ 6 — 5 s after a manual trirgrimput

pown -Manual Electric trim

264410 264415 ' 264420 264425 ' 264430
Cumulated time (second)

FIGURE37: MCAS DETECTION WIR FDR DATA

1.11.2 Cockpit Voice Recorder

The Airplane was fitted with a FA2100 NAND CVR manufactured by L3 Communicati® with part number
2100-1925-22 and serial number 001289168.
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 FIGURE38: CVR CSMU

On 11 March 2019, the CVR was recovered from the accident site by tB&IB. The CVR CSMU was
transported to the BEA recorder facility for data downloading. The CMSU was fail separated from the
chassis during wreckage recovery. The readut was performed by BEA under the authority of the Ethiopian
Accident Investigation Bureau EAIB), with the observation of the National Transportation Safety Board
(NTSB) of United States oAmerica.

The memory board identification was P/N 205E5458-04, S/N 001158641 and the flex identification was
024-E5675-20 REV, 18091.

BEA

FIGURE39: CVR MEMORY BOARD MD FLEX
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The CVR memory board and flex were visually inspected with the Keyence microseoprhere was no
damage on the board and the connector was in good condition.

A second observation with the Xay was made, which confirmed that the connector soldering were in good
condition.

The memory unit recorded 2 hours, 4 minutes and 14 seconds dirplane operation, which contained 2
flights including the accident flight

1.11.3 Accident Flight CVR Transcript

TABLE16: ACCIDENT FLIGHT CVR TRANSCRIPT

Time (FDR Captain First -Officer ATC, ground staff, Warning, sound,
UTC) Cabin crew, others remarks
8
05:37:14 Ready for departure
05:37:18 >Tower Ethiopian three zero
two ready for departure
05:37:20 >Please stand by
05:37:22 >Standing by Ethiopian
three zero two
05:37:34 >three zero two clear
for take-off runway
zero seven right, zero
eight zero ten
(080/10) airborne
Shala two alpha
departure contact
radar one nineteen
seven (119.7)
*MelkamMenged (bon
voyage)
05:37:42 >Airborne Shala two alpha
departure contact radar one
nineteen seven (119.7)
Ethiopian three zero two
cleared for takeoff runway
zero seven right
05:37:50 Ready?
05:37:51 Ready
05:37:52 Stable
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05:37:57
05:37:58
05:38:00
05:38:01
05:38:06
05:38:07
05:38:13
05:38:14
05:38:15
05:38:32
05:38:33
05:38:41
05:38:43

05:38:43

05:38:44
05:38:49
05:38:50
05:38:50

05:38:51

05:38:52

05:38:54

05:38:55
05:38:58

05:39:00

05:39:02

05:39:04

05:39:06

N1 TOGA
Check

Take-off thrust set

Cross checked

Speed increasing

Master Caution, Antilce

Checked
Check Eighty knots
Thrust hold
Check
Rotate
Positive rate
Gear Up
Gea up
*Eshi (OK)
Command
Command

c 9AEAAT AAOT A
going on?)

*Eshi (OK), contact radar

95
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SV : Vone (V1)

Clank sound
(sound similar to
gear lever moved
to up)

Stick shaker
activates

Trimwheel
activation sound
Trim wheel
activation sound
Trim wheel
activation sound
Autopilot
disconnect wailer
(3 times)

Trim wheel
activation sound
Autopilot
disconnect wailer
(3 times)

Trim wheel
activation sound
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05:39:08 Contactingradar

05:39:09 Yeah

05:39:10 *)
05:39:11 > Radar Ethiopian three zero

two Good Morning after
airborne Shala two Alpha
departure crossing eight
thousand four hundred
climbing three two zero
05:39:17 Trimwheel
activation sound

05:39:23 Command engaged

05:39:24 Ok, checked

05:39:25 >Confirm calling
three zero two

05:39:27 >Affirm three zero two

05:39:29 >|dentified

05:39:30 >Continue climb
Flight Level three four
zero when able right
turn direct to RUDOL

05:39:35 *Eshi (OK)

05:39:36 >When able right turn direct

RUDOL eh and eh Ethiopiar
three zero two

05:39:45 Flaps up Flaps Up

05:39:48 *

05:39:49 Sound similar to
flap lever
movement

05:39:50 *Eshi (OK) advise

*aregew (go ahead) we
are unable reqest to
maintain runway heading

05:39:55 Autopilot
disconnect wailer
(3 times)

05:39:57 Request to maintain

runway heading
05:40:01 We are having flight
control problem
05:40:02 36 d,
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05:40:05 >Radar Ethiopian three
Break, Break Radar
Ethiopian three zero two,
unable to maint... to Shale

one Alpha

05:40:11 Request runway heading

05:40:13 > Request runway heading

05:40:14 >Ethiopian three zero

two approved
05:40:16 >Approved Ethiopian three
zero two

05:40:19 *Eshi (OK), Flaps up
speed

05:40:23 36 d s$ii

AT180 OEI

05:40:26 *Aregew endeze (Do it
like this)

05:40:27 Trim, Trim, Trim with me, = Trim, Trim UP 36 4 $I11
Trim with me, Trim with AT1T80 OEIT
me, Trim ,Trim up, Trim
up*kenegar kenegar
(with me with me) (Name
of the FirstOfficer)*Awo,

Awo, aregew (Yes Yes do
it)

05:40:30 Trim wheel

activation sound
(2 clicks)
05:40:31 36 d S$ii
AT180 OEI
05:40:35 Stab trim cutout? Stab trim
cut-out?

05:40:36 *Awo awo aregew (Yes,
yes, do it)

05:40:37 Stab trim cutout

05:40:44 pull up, pull up Pull up

05:40:50 *Eshi (OK), advise we
would to like maintain
one four thousand. We
have flight control
problem

05:40:56 >Radar Ethiopian three zero

two we would like to
maintain one four thousand.
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We have flight control

problem
05:41:02 >Uh say again
05:41:04 >We have flight control

problem we like to maintain

one four thousand

05:41:08 >Approved and uh

report intention

05:41:10 >Will call you maintaining

Ethiopian three zero two
05:41:16 *Eshi (OK) Set one four Okay
thousand
05:41:17 Set one four thousand, one four thousand set
*awo (yes)

05:41:20 Over speed
clacker started
and continued
until the end of
flight

05:41:23 (Uh sh)

05:41:24 One four thousand set

05:41:25 *Speedun (the speed)

05:41:26 OK

05:41:28 Speed

05:41:30 *Eshi (OK), speed,

*kenegar (with me). pitch
up, pitch up, pitch up,
yes, yes, pitch up

05:41:33 Pitch up?

05:41:34 Yes, with me Ok

05:41:35 Yes Pitch up?

05:41:38 Aha continue

05:41:46 Eh trim *yeseral? (is it

functional?)
05:41:47 *Ayseram, wey beje
lemokerew? (it is not
working,  shall I try
manually?)
05:41:49 *Esti (Try it)
05:41:49 Click sound

(similar to manual
trim wheel handle
extending)
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05:41:50 Trim up
05:41:54 Eh Eh *Ayseram (it is not working)
05:41:56 Ok, with me, keep with Ehh!(sound of strairing)

me (Name of the First
Officer), keep with me,
keep with me

05:41:59 Yes
05:42:00 We have to go up to one Ok
four thousand
05:42:10 Request a vector to
return
05:42:12 Ok, Eh
05:42:14 >Radar Ethiopian three zero
two request vector to return
to home
05:42:20 >Eh, Confirm, eh, for
hold or to come
approach?
05:42:26 >To commence approach for
eh...
05:42:27 Standby, Standby,
Standby,
05:42:28 >Standing by Ethiopian
three zero two
05:42:29 Ehhh (sound of straining)
05:42:30 >(Turn) right turn
two six zero
05:42:34 Two six zero
05:42:35 >Right heading two six zero
Ethiopian three zero two
05:42:38
05:42:40 Two six zero
05:42:41 OK (Trink) ™ Sound similar to
radio interference
tone
05:42:42 Pitch up *kenegar (with
me)
05:42:44 *Wede (towards) one

four thousand, *eshi,
i ATAATT Ax e
it?) Master Caution?
05:42:46 Master caution?

05:42:47 Eha check *arge (verify)
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05:42:48
05:42:51 Master Caution antiice
05:42:54 Left alpha vane Left alpha vane
05:42:58
05:43:04 Should we pitch *abren
(together)? Pitch is not
enough
05:43:06 300AET ET ¢ Ol
170 ATT OCES
05:43:08 Put them up
05:43:09
05:43:10 *Eskezaw  (Till  then)
Command *argew (put it
on)
05:43:12 Command
05:43:12 Autopilot
disconnect wailer
(5 times)
05:43:14 No, no, leave itv, IeaveA it
EOG6O0 T Eh EOG
1 AOGBO ci Ob
05:43:16 $EOATTT AAORh *Eshi(OK)
right heading
05:43:28 Hof (straining sound),
pitch up, pitch up, PITCH
uuup!
05:43:32 Pitch up *arge (to order)
05:43:34 PITCH (with tone of
distress)
05:43:35 SV : Terrain,
Terrain, Pull Up,
Pull up
05:43:36 (AER (AE88 0
05:43:39 Eh Eh, MAYDAY MAYDA)\ (screaming sound)

MAYDAY (screaming
sound)
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1.12 WRECKAGE ANDMPACT INFORMATION

The accident site was located near Ejere, Ethiopia with a GPS location of 8.8770 N, 39.2516 E.

The investigation team had much of the wreckage moved from theccident site to a secured locationin
Addis AbabaEAIB store. The wreckage pilel AAOOOAO ABPDPOIT GEI AOAT U uvd EEC
Assistance from Ethiopian Airlines recovered a number of flight control componentg some are
documented above during the orsite examination. Below is a detailed exam of each of the identified
components.

The Airplane impacted terrain at a farm field and created a crater approximately 10 meters deep (last
Airplane part found) with a hole of about 28 meters width and 40 meters length. Most of the wreckage was
found buried in theground; small fragnents of the Airplane were found scattered around the site in an area
about 200 meters wice and 300 meters long Damages to theAirplane were consistent with a high energy
impact.

N

Flight path
From North to South .

FIGURE40: TOP VIEW OF THE CRATER
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Flight path from North to South

J I =T I

E CRER BEFORE EXCAVATION

5 ; X

"FIGUREA1: CLOSE VIEW OF TH
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1.12.1 Left Hand Enging(S/N602722)

The left engine core was recovered from theaite and examined by the group. fie engine was reportedly
recovered at a depth of approximately 10 to 15 meters depth on the left sdof the excavation site The
predominant feature of the deformation of the entire remaining core was axial deformatian

Photo 6§ — Left-Hand Enzine Core - SN 602722 1* Stage

- |

2™ Stage
HPT Rotor

HPC Secuon

HPT Section
™ Combustor
Sacuon

FIGURE43: LEFTHAND ENGINE SECTION

1.12.2 Right Hand Enging(S/N602695)

The right engine core was recovered from the site and examinely the group. The
recovered core of the right engine was more damaged than the ldfand engine. The engine
was reportedly recovered at a depth of approximately0 to 15 meters depth on the right
side of the excavation site.

The predominant feature of the deformation of the entire remaining core was axial
deformation.
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FIGURH6: R/H ENGINE- S/N 602695 z FAN DISK FIGUREA7: R/H ENGINE- S/N 602695 - RETENTION LUGE FRACTURED

1.12.3 High Pressure CompressefHPC)

The HPC case was fractured and a portion of it remained with the core and the HPC stages were separated

from the core. The 5t and Srdstage blisks were found together and were missing theiairfoils. The Afh,
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Gth, and the 8N to 10t stages were not found. The & stage was found separately, and it was also missing

its airfoils. The 7N stage web was fractured circumferentially. The stator sections could not be identified.

FIGURE 8: - R/H ENGINE- S/N 602695 z HPC STAGES 1 T® FIGURE®9:- R/H ENGINE- S/N 602695 z HPC STAGE 7

1.12.4 Combustion Section

The combustor was severely crushed and most of it was missiingo pieces.

FIGURE50: COMBUSTOR CRASHED
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