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C. HISTORY OF FLIGHT 
 
On April 2, 2011, about 0934 mountain daylight time, an experimental Gulfstream Aerospace 
Corporation (GAC) GVI (G650)2, registration N652GD, serial number 6002, crashed during 
takeoff from runway 21 at Roswell International Air Center Airport (ROW), Roswell, New 
Mexico. The flight was being operated by the manufacturer as part of its G650 developmental 
field performance flight test program. The two pilots and the two flight test engineers were 
fatally injured, and the airplane was substantially damaged.  The flight was being conducted 
under 14 Code of Federal Regulations Part 91, and visual meteorological conditions prevailed 
at the time of the accident. 
 
At the time of the accident the aircraft was performing a simulated one-engine-inoperative 
(OEI) continued takeoff (CTO) with the flaps deflected to 10 degrees - an intermediate flap 
setting used for hot or high airfield operations. The purpose of this company testing was to 
validate takeoff reference speeds. Immediately prior to this incident the aircraft had completed 
a simulated single engine takeoff in this same configuration. However, during this earlier take-
off, the aircraft exceeded the predicted takeoff safety speed (V2) of 135 knots by about 10 
knots. A repeat of this earlier test point was being undertaken at the time of the accident in an 
attempt to reduce the flight test derived V2 speed to the predicted value. 
 
The procedure for conducting the takeoff is specified in a “test card” for the OEI, CTO 
maneuver (see Reference 1). In this procedure, the airplane is aligned with the runway 
centerline and the brakes are applied. The engine power is set to the desired level, and then 
the brakes are released. At a specified speed3 (105 knots in this case4), the right throttle is 
reduced to idle to simulate a failure of the right engine; the speed is selected so as to allow 
time for the engine power to reduce to idle by the rotation speed. At the rotation speed (127 
knots in this case), the column is pulled with a specified force (60-65 lb. in this case5) to 
initiate rotation; the pull is then relaxed to “gradually capture [9°] pitch attitude.”6 
 
The procedure is then to “maintain target pitch attitude until V2 [the takeoff safety speed] is 
achieved, then transition to speed.” The landing gear is retracted after a positive rate-of-climb 
is established, and the pitch attitude is adjusted to maintain V2 until the gear retraction is 
complete, or until the airplane climbs through 400 ft. above ground level (AGL) (whichever 
occurs first), at which point the maneuver is complete. 
  

                                                           
2 Gulfstream uses the Roman numeral designation “GVI” for aircraft certification purposes and the designation 
“G650” for marketing purposes. These designations mean the same aircraft model for purposes of this Study 
and are used interchangeably. 
3 The speeds referenced in the test card are indicated airspeeds. 
4 This engine-failure speed (VEF) is not specified on the test card, but was briefed by the flight test engineer 
(FTE) prior to the start of the previous takeoff, per the recorded cockpit video (the cockpit video is described in 
Section D-III). The FTE briefed VEF as V1 – 20 knots, where V1 is the takeoff decision speed (see the full 
definition in the Glossary in Section G). V1 for the accident takeoff was 125 knots. 
5 This force is not specified on the test card, but was briefed during pre-flight briefings (see Reference 1). 
6 The test card for the accident run specified a pitch target of 10°, but this target was reduced to 9° prior to the 
accident flight and was briefed during pre-flight briefings (see discussion in Reference 1). 
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The recorded data described in Section D-III, and ground scars and markings on the runway 
and airport property, indicate that shortly after takeoff rotation, N652GD’s right wing dropped 
and contacted the runway. The airplane subsequently yawed to the right, departed the right 
side of the runway, traversed about 3000 ft. of airport property, and came to rest about 8404 
ft. from the runway 21 threshold, and 1949 ft.  to the right of the runway centerline. 
 
The objective of this Aircraft Performance Study is to determine and analyze the motion of the 
airplane and the physical forces that produce that motion. In particular, the Study attempts to 
define the airplane’s position and orientation throughout the flight, and determine the 
airplane’s response to control inputs, external disturbances, and other factors that could affect 
its trajectory. 
 
The data the Study uses to determine and analyze the airplane motion includes but is not 
limited to the following: 
 

• Ground scars and markings. 
• Recorded flight data. 
• Weather information. 
• Computational Fluid Dynamics (CFD) and flight simulation studies. 
 

Because N652GD was being used for research and development flight tests, it was equipped 
with a flight test instrumentation system that recorded a wealth of high-quality data describing 
the airplane’s motion and systems. Hence, the analysis of the airplane’s motion is based 
primarily on this recorded data. The available data is described in Section D-III. 
 
This Study describes the results of using the data listed above in defining the position of 
N652GD relative to the runway 21 threshold throughout the attempted takeoff. The Study 
introduces the airplane motion data collected during the investigation, describes the methods 
used to extract additional airplane motion information from the recorded data, and presents 
the results of these calculations. The Study also describes CFD and simulation work 
performed by GAC that indicates that during the attempted takeoff, the airplane’s angle-of-
attack (α) exceeded the stall α for the combination of flap setting, height above the ground, 
Mach number, and roll angle (߶) present at the time. 
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D.   DETAILS OF THE INVESTIGATION 
 
I. The GAC G650 Airplane 
 
Figure 1 shows a 3-view image of the G650 airplane. Table 1 provides some characteristic 
dimensions of the airplane, as well as mass properties data estimated by GAC for the 
accident takeoff (aircraft 6002, Flight #153, Run 7A27). 
 
Item Value 

Reference dimensions: 
 

Wing area 1282.9 ft2 
Wing span 93.67 ft. 
Mean Aerodynamic Chord (MAC) 15.60 ft. 

Mass properties for Flight 153, Run 7A2: 
 

Weight  88000 pounds 
Center of gravity (CG) position 23.3% MAC 
Roll moment of inertia (ܫ௫௫) 326242 slugs* ft2 
Pitch moment of inertia (ܫ௬௬) 922988 slugs* ft2 
Yaw moment of inertia (ܫ௭௭) 1172769 slugs* ft2 
Product of inertia (ܫ௫௭) 71755 slugs* ft2 

Table 1. Dimensions of G650 airplane, and mass properties for Flight 153, Run 7A28. 
 
 
II. Ground scars and markings 
 
Surveys of the accident scene and survey coordinate systems 
 
The recorded data described in Section D-III, and ground scars and markings on the runway 
and airport property, indicate that shortly after takeoff rotation, N652GD’s right wing dropped 
and contacted the runway. The airplane subsequently yawed to the right, departed the right 
side of the runway, traversed about 3000 ft. of airport property, and came to rest about 8404 
ft. from the runway 21 threshold, and 1949 ft.  to the right of the runway centerline, about 300 
ft. from the FAA control tower. 
 
The NTSB requested assistance from the Federal Bureau of Investigation (FBI) with 
surveying the ground scars and markings left by the airplane, as well as the location of 
prominent wreckage items and airport property features. The FBI, in turn, requested the 
assistance of the New Mexico State Police (NMSP) and the Roswell Police Department 
(RPD) with this effort. Investigators from GAC and NTSB also surveyed the accident scene. 
 
The NMSP surveyed the accident scene using a Nikon NPR-352 Total Station, as described 
in Reference 2. This survey resulted in tabulated coordinates of the surveyed items in a 
Cartesian coordinate system centered near the final location of N652GD. However, Reference 
2 does not indicate the latitude and longitude of the origin of this coordinate system, or the 
orientation of the coordinates relative to true North. 

                                                           
7 As described in Reference 1, GAC identifies flight test maneuvers performed with a particular airplane as “runs” 
conducted on given “flights.”  A “flight” is defined by an engine start-stop cycle, and can include multiple takeoffs 
and landings. “Runs” denote particular test maneuvers or procedures as defined on “test cards.” Run 7A2 was a 
flaps 10, heavy weight, one-engine-inoperative (OEI) continued-takeoff (CTO) maneuver. 
8 Information provided by GAC to NTSB Aircraft Performance Group Chairman via email on 04/18/2011. 



5 
 
The GAC / NTSB survey did not include as many items as the NMSP survey, but was 
performed using Differential Global Positioning System (DGPS) equipment that recorded the 
latitude and longitude of the items surveyed. 
 
The origin and orientation of the NMSP coordinate system can be computed by comparing the 
Cartesian coordinates of items surveyed by the NMSP using the Total Station with the latitude 
and longitude coordinates of identical items surveyed by GAC / NTSB investigators using 
DGPS. Once the origin and orientation of the NMSP coordinate system are known, the 
Cartesian coordinates surveyed by the NMSP can be transformed into latitude and longitude, 
and thence into another Cartesian coordinate system aligned with KROW runway 21 (see, for 
example, Reference 3). The origin of this runway coordinate system is at the runway 
threshold, with the x-axis extending from the threshold along the runway centerline, and with 
the y-axis extending to the right of the threshold, normal to the centerline (see Figures 2a and 
2b). In this Study, the runway coordinate system will be used to describe the trajectory of the 
airplane and the location of surveyed items. 
 
The latitude and longitude coordinates, and orientation relative to true North, of the NMSP 
survey coordinate system and the runway coordinate system used in this Study are listed in 
Table 2, and depicted in Figures 2a and 2b. 
 

Item NMSP survey coordinate system KROW runway 21 coordinate system 
Latitude of origin N 33° 17’ 54.254” N 33° 18’ 40.6635” 
Longitude of origin W 104° 31’ 49.397” W 104° 30’ 24.3222” 
Elevation of origin 3655 feet 3623.6 feet 
Bearing of x-axis 107.1° (true) 225.14° (true runway heading) 
Bearing of y-axis 17.1° (true) 315.14° (true) 

Table 2. Origin and orientation of NMSP survey and KROW runway 21 coordinate systems. 
 
Survey items of note 
 
Selected items from the NMSP and GAC / NTSB surveys are presented in Table 3 and in 
Figures 2a and 2b. Figure 2a shows runway 21, the airplane trajectory recorded by the flight 
test instrumentation system, and ground scar evidence of the trajectory of the airplane in 
runway coordinates against a grid background. Figure 2b is identical, but presents the data 
against a Google Earth satellite image background. The times and content of selected 
comments recorded by the Cockpit Voice Recorder (CVR) are also presented in Figures 2a 
and 2b at the airplane positions corresponding to the times at which the comments were 
recorded (the CVR data is described further in Section D-III). 
 

Item Latitude Longitude 
x-runway 

coordinate (ft.) 
y-runway 

coordinate (ft.) 
Start of wing scrape N 33° 18’ 05.15” W 104° 31’ 07.99” 5160 71 
Touchdown mark N 33° 17’ 56.65” W 104° 31’ 24.68” 6770 461 
Telemetry trailer N 33° 17’ 56.52” W 104° 31’ 33.63” 7318 987 
Service shaft N 33° 17’ 55.38” W 104° 31’ 35.30” 7500 1006 
Weather station N 33° 17’ 55.07” W 104° 31’ 42.22” 7938 1398 
End of recorded data N 33° 17’ 55.11” W 104° 31’ 44.36” 8064 1530 
Final N652GD location N 33° 17’ 55.68” W 104° 31’ 50.69” 8404 1949 

Table 3. Coordinates of selected items from the NMSP and GAC / NTSB accident site surveys. 
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The contact of the right wing with the runway produced a scrape mark on the runway starting 
about 5160 ft. from the threshold. When the airplane departed the paved surface about 5900 
ft. from the threshold, this scrape became a “furrow” in the ground. The recorded data 
indicates that the main gear lifted off, though the ground scar evidence indicates that the right 
wingtip was still in contact with the ground at the time. The right wing ground furrow continues 
until a point where evidence indicates that the main gear touched down again; this is the 
“touchdown mark” listed in Table 3, about 6770 ft. from the runway threshold and 461 ft. to the 
right of the runway centerline. 
 
After the main gear touched down, the airplane continued a right turn, generally tracking to 
the west. The ground track marks and debris field pass within about 150 feet of the GAC 
telemetry (TM) trailer, where GAC engineers were monitoring the flight. The airplane tracks 
pass over the locations of two substantial structures on the airport property: a concrete 
electrical service shaft, and a metal pole supporting weather instrumentation9. These objects 
are listed as the “service shaft” and “weather station,” respectively, in Table 3.   
 
The airplane position recorded in the flight test data stops updating at 09:34:09.0, about 8064 
ft. from the runway threshold and 1530 ft. to the right of the runway centerline. However, the 
airplane slid for about another 540 ft., and came to rest 8404 ft. from the runway threshold 
and 1949 ft. to the right of centerline, about 300 ft. from the FAA control tower. The CVR 
recording ends at 09:34:10.3, and the flight test data recording ends at 09:34:23.4. 
 
The x- and y- runway coordinates of the airplane are plotted as a function of time in Figure 3. 
Figure 3 also presents the content of selected CVR comments superimposed on vertical 
dash-dot lines, drawn at the times corresponding to the occurrence of the corresponding CVR 
comments. 
 
The “N652GD ground track from accelerometer integration” lines in Figures 2a, 2b, and 3 are 
described below, in Section D-IV. 
 
 
III. Recorded flight data 
 
Flight Data Recorder (FDR) and Cockpit Voice Recorder (CVR) 
 
The Data Recorders Group Chairman’s Factual Report (Reference 4) describes the numerous 
flight data recording devices on board N652GD at the time of the accident. As noted in that 
document, GAC was operating N652GD under an experimental airworthiness certificate to 
perform flight testing to support the type certification of the G650. Consequently, at the time of 
the accident the aircraft and the Flight Data Recorder (FDR) and CVR systems had not yet 
been validated or certified. Reference 4 indicates that the FDR only recorded 10 seconds of 
the accident flight, and explains that 
 

Gulfstream reported that in late 2010 a wiring issue was identified that indicated power was not being 
applied to the FDR until the combined weight on wheels transitioned from ground to air. Therefore the 
FDR would only begin recording after the aircraft systems indicated “in air”. At the time of the accident, 
this wiring issue had not been corrected in the N652GD aircraft, but had been identified as a deferred 
maintenance item. 

                                                           
9 These structures were damaged by the airplane’s impact; the cover of the service shaft was torn off, and the 
weather station pole was knocked down. 
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However, a great volume of flight data (of greater quality and quantity than that recorded by 
the FDR) was recorded by various elements of the airplane’s Flight Test Instrumentation 
System (FTIS). These elements are described in detail in Reference 4, and briefly, as 
required, in the sections below. The analysis of the airplane’s motion in this Study is based 
primarily on the FTIS data. 
 
The Cockpit Voice Recorder Group Chairman’s Factual Report (Reference 5) contains a 
description of the CVR and the official transcript of the CVR, as well as a description of the 
methods used to correlate the timing of the CVR recording with the recorded FTIS data. The 
CVR content and times cited in the Study are taken from Reference 5. 
 
Many of the plots in this Study portray selected CVR content at positions corresponding to the 
occurrence of the content on the CVR. For example, plots of data vs. time include CVR 
content overlaid on vertical lines that intersect the x axis of the plot at the times that the CVR 
content was recorded. The CVR content portrayed on the plots is not the verbatim CVR 
transcript text, but rather a paraphrase or short-hand code for this text. The full CVR transcript 
text associated with each paraphrase or code is shown in Table 4. 
 

Time Text on plots Full CVR transcript text 
09:33:16.9 Brakes. [HOT-1] okay thirty three seventeen is brake release. 
09:33:22.2 Power. [HOT-2] power set. 
09:33:25.5 Airspeed. [HOT-1] airspeed's alive I got the yoke. 
09:33:32.3 80 [HOT-2] eighty knots. 
09:33:37.8 Chop. [HOT-2] chop. 
09:33:45.7 Rotate. [HOT-2] standby, rotate. 
09:33:50.8 Expression 1. [HOT-1] * (going on). 
09:33:52.1 Expression 2. [HOT-2] oh whoa whoa whoa whoa. 
09:33:52.8 Expression 3. [HOT-1] whoa whoa. 
09:33:53.6 Bank angle. [HOT] bank angle, bank angle [electronic voice]. 
09:33:54.3 Power. [HOT-1] power power power. 
09:33:57.4 Expression 4. [HOT-2] no no no no. *. 
09:33:58.5 Bank angle. [HOT] bank angle, bank angle [electronic voice]. 
09:34:00.0 Expression 5. [HOT-1] ah sorry guys. 
09:34:02.4 Triple chime. [HOT] [sound similar to triple chime alarm]. 
09:34:10.3 End of recording.  

Table 4. Full CVR transcript text corresponding to paraphrased / coded text on plots in this Study. 
 
GAC Flight Test Instrumentation System (FTIS) Data 
 
Reference 4 describes the relationship between various elements of the GAC FTIS as follows: 
 

… In addition to a standard Flight Data Recorder (FDR), the aircraft was outfitted with various devices 
that were parts of the Flight Test Instrumentation System (FTIS). The FTIS includes different recording 
devices and system instrumentation (e.g., pressure gauges). Data from the avionics standard 
communications bus (ASCB) is recorded by the Innovative Control Systems, Inc (ICS) Test Interface 
System (TIS). Data from various ARINC 429, intercom audio, analog and discrete sensors and selected 
ASCB parameters from the TIS are routed to a CAIS [Common Airborne Instrumentation System] Bus 
Data Acquisition Unit (CDAU) which is then routed to the Heim Flight Recorder (FR). The Heim FR can 
accept inputs from the TIS, multiple CDAU’s and individual ARINC 429 data sources. Data from the 
CDAU was also routed to a telemetry system on the aircraft which allowed for select data to be 
broadcast to a dedicated ground station located in the vicinity of the testing. Data from the Heim FR was 
then routed to the Gulfstream Flight Test IADS data server. Data from a portable weather station was 
also transmitted from a ground based transmitter to the aircraft and acquired by the CDAU and recorded 
to the Heim FR. … 
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… The aircraft was equipped with a NovAtel DL-V3 Global Navigation Satellite System (GNSS).  High 
accuracy position data can be provided by the DL-V3 when coupled with real-time differential GPS 
(DGPS) service from OmniStar.  GPS data from the DL-V3 system is routed to the CDAU for inclusion in 
the flight test data set sent to the Heim FR or TM station. 

 
Reference 4 indicates that data from the flight was recorded by several elements of the FTIS, 
including the Heim FR, the IADS, and the TIS. Much of the same data is recorded on multiple 
devices (i.e., there is considerable data overlap); as described in Reference 4, 
 

…The availability of multiple recording devices (FDR, IADS, Heim, TIS, etc.) allows for individual 
parameters (e.g., Pitch, Roll, Heading, etc.) to be recorded by each device. The data recorded by the 
TIS recorder is limited to parameters from the ASCB-D data bus and subsets of these parameters are 
provided to both the CDAU and the Heim Flight Recorder. The data recorded by the Heim Flight 
Recorder consists of select ASCB-D bus data from the TIS, data transmitted by the CDAU’s and select 
ARINC 429 data busses. The data recorded by the IADS server on the aircraft is a subset of parameters 
that are recorded by the Heim Flight Recorder.  The data recorded by the IADS server in the TM Station 
includes all of the data acquired by the aircraft CDAU and received via the RF link from the aircraft. Data 
from the DGPS and the weather station is logged by their respective devices and also recorded in the 
FTIS. 
 
After reviewing all of the available flight test data sources available to the group and the limited data 
from the FDR, the determination was made to use the data recovered from the Heim Flight recorder and 
the TIS for the investigation.  

 
In addition to the data recorded by these devices, extensive engine performance and thrust 
data was recorded by a Rolls Royce Deutschland Engine Monitoring System (EMS) installed 
in the airplane. The NTSB Data Recorders Group Chairman provided data sampled at 10 Hz 
from the Heim FR and the Rolls Royce Deutschland EMS to the NTSB Aircraft Performance 
Group Chairman for use in this Aircraft Performance Study. 
 
Telemetry (TM) data 
 
As mentioned in Reference 4, data sent by telemetry from N652GD to the TM Station (trailer) 
was recorded by the IADS server in the trailer. Since the TM data is a subset of the data 
recorded on the Heim FR and includes erroneous data “dropouts” that are not present in the 
Heim FR data, the TM data was not used for this Study. 
 
Weather station data 
 
As mentioned above, Reference 4 notes that “data from a portable weather station was also 
transmitted … to the aircraft and acquired by the CDAU and recorded to the Heim FR.” The 
wind speed and direction data from this station is used in this Study. 
 
Cockpit video 
 
Video and audio information from a video camera installed in the cockpit of N652GD was 
recorded on the Epiphan model VGA Recorder PRO, as described in Reference 6. The video 
recording contained about 2.9 hours of information recorded on the day of the accident, up to 
and including the accident takeoff. However, the video recording ends at about 09:33:50.9, 
which is about 9 seconds after the co-pilot made the “rotate” call on the accident takeoff, 19.4 
seconds before the end of the CVR, and 32.5 seconds before the end of the Heim FR data. 
Reference 6 indicates that the video recording ended sooner than the other recordings most 
likely due to the abnormal shutdown (sudden loss of power). 
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The video camera was located near the centerline of the airplane on the cockpit bulkhead 
behind the pilots, slightly above the top of the pilots’ heads. The video images depicted a view 
looking forward, encompassing the throttle quadrant, the pilot and co-pilot instrument 
displays, the pilots, and the control column and wheel. Only a small portion of the windshield 
is visible in the images, and the external view from the windows cannot be discerned in the 
images. 
 
The audio source recorded by the cockpit video is the airplane’s intercom system, which 
contains signals picked up by the “hot microphones” on the pilots’ and flight test engineers’ 
headsets.  
 
The CVR recording contains more audio information than the cockpit video recording, since 
the CVR recording ends several seconds after the end of the cockpit video recording.10 In 
addition, the Heim FR data provides better definition of the cockpit control positions and flight 
parameters than the video images of the cockpit controls and flight instruments. For these 
reasons, the recorded cockpit video is not used in this Study, though the cockpit video was 
reviewed by the Airplane Performance Group Chairman to determine if it contained unique 
airplane performance information not available from other sources, and to confirm that the 
airplane performance information contained in the video was consistent with the information 
from other sources. 
 
Time-alignment of recorded data 
 
Reference 4 notes that 
 

The FTIS time source is synchronized to Coordinated Universal Time (UTC) via a built-in GPS receiver.  
The time source signal is provided to the Heim Flight Recorder, IADS Servers and the TIS recorder …  
The accident occurred in Roswell, NM which is in the Mountain Time zone.  To reference the data … to 
Mountain Daylight Time (MDT), six hours need to be subtracted from the provided times. 

 
In this Study, time is referenced to MDT. 
 
The alignment of CVR time to the FTIS reference time is described in Reference 5. 
 
 
IV. Additional performance parameters computed using FTIS data 
 
Overview 
 
The flight parameter data set recorded by the FTIS is quite comprehensive, and includes 
almost all airplane performance parameters of interest, including those parameters that are 
direct recordings of sensor signals (such as accelerometer and control position signals), and 
parameters that are the result of computations performed by either airplane systems or the 
FTIS using sensor signals (such as most of the air data parameters, including calibrated 
airspeed, true airspeed, Mach number, etc.). Nonetheless, additional computations using the 
recorded data are of interest for the accident investigation, for the following reasons: 
  

                                                           
10 In addition, the CVR is designed to include an area microphone channel as well as the airplane intercom / hot 
microphone channels; however, the area microphone channel on N652GD was unusable (see Reference 5 for 
more information). 
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• To confirm the consistency between the air data parameters recorded by the FTIS. 
• To correct accelerometer bias errors, and derive a kinematically consistent set of 

acceleration, velocity, and position parameters defining the trajectory of the center of 
gravity (CG) of the airplane. 

• To correct α sensor data for body rotation rate effects, so as to compute the local α at 
the CG of the airplane and at various points along the wingspan. 

• To compute the position of various parts of the airframe (tires, CG, wingtips) relative to 
the ground. 

• To determine the forces and moments acting on the airplane as a function of time. 
 
The computation of differential α along the wingspan and at the CG, and of the different 
heights of various parts of the airplane above the ground, are relevant in this case because 
the CFD work performed by GAC after the accident (described in Section D-VI) indicates that 
the reduction in the stall α due to the influence of the ground plane (ground effect) can be 
significant, and is in fact greater than what had been estimated by GAC prior to the accident. 
The CFD results also indicate that the ground effects decrease very rapidly with increasing 
height above the ground, so that height must be known precisely in order to accurately predict 
the stall α. Furthermore, since body-axis pitch and roll rates can introduce differential α at the 
α sensors, the CG, and at various stations along the wing, it is possible, at non-zero pitch and 
roll rates, for the local α at parts of one wing to be above stall, while the local α along the rest 
of the wing (and perhaps at the α sensors) are below stall. 
 
The methods used to derive additional parameters from the FTIS data are described below, 
and the results of the calculations are presented and discussed at appropriate points 
throughout the Study.  
 
Height of CG and other airplane components based on DGPS and terrain elevation data 
 
The DGPS position data recorded by the FTIS is reportedly accurate to within 15 cm (0.5 ft.)11 
Using the known location of the DGPS antenna on the airplane (and the locations of other 
airplane components of interest relative to the DGPS antenna), the rigid body position of any 
part of the airplane can be computed. The position coordinate of interest in this Study is the 
height of the components above the ground, which is equal to their altitude above Mean Sea 
Level (MSL), minus the elevation of the terrain beneath the airplane. 
 
The altitude above MSL of each component is equal to the altitude of the DGPS antenna, plus 
the altitude difference between the DGPS antenna and the component of interest. This 
altitude difference depends on the location of the component relative to the DGPS antenna (in 
an airplane-fixed coordinate system), and the orientation of the airplane coordinate system 
relative to the Earth. Let {Δxb, Δyb, Δzb} define the relative position of a component relative to 
the DGPS antenna; i.e., 
 ൝∆ݔ௕∆ݕ௕∆ݖ௕ൡ ൌ ൝ݔ௖ െ ௖ݕ௔ݔ െ ௖ݕ௔ݕ െ  ௔ൡ௕       [1]ݕ

                                                           
11 Per the OmniSTAR website (http://www.omnistar.com/services.html), “there are three levels of OmniSTAR 
service available - VBS (Virtual Base Station) for sub-meter operations, OmniSTAR XP - consistent decimeter 
service (< +/- 15 cms) worldwide, and OmniSTAR HP (High Performance) for horizontal accuracy of better than 
10cms.” GAC used the OmniSTAR XP service for the field performance testing at KROW. 
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where the subscript ܿ denotes the airplane component of interest, the  subscript ܽ denotes the 
DGPS antenna, and the subscript ܾ indicates that the coordinates are in the body-fixed axis 
system (see Figure 4). 
 
The coordinates {Δxb, Δyb, Δzb} can be transformed into a coordinate system with two axes 
aligned with the North and East axes of the Earth, and the third axis normal to the Earth’s 
surface (positive downwards), using the following transformation matrix: 
 
 ൝∆ݔ௘∆ݕ௘∆ݖ௘ൡ ൌ ൥ܿ߰ݏ݋ܿߠݏ݋ ߰ݏ݋ܿߠ݊݅ݏ߶݊݅ݏ െ ߰݊݅ݏ߶ݏ݋ܿ ߰ݏ݋ܿߠ݊݅ݏ߶ݏ݋ܿ ൅ ߰݊݅ݏߠݏ݋ܿ߰݊݅ݏ߶݊݅ݏ ߰݊݅ݏߠ݊݅ݏ߶݊݅ݏ ൅ ߰ݏ݋ܿ߶ݏ݋ܿ ߰݊݅ݏߠ݊݅ݏ߶ݏ݋ܿ െ ߠ݊݅ݏെ߰ݏ݋ܿ߶݊݅ݏ ߠݏ݋ܿ߶݊݅ݏ ߠݏ݋ܿ߶ݏ݋ܿ ൩ ൝∆ݔ௕∆ݕ௕∆ݖ௕ൡ [2] 

 
Where ψ, θ, and φ are the airplane’s true heading, pitch, and roll angles, respectively. The 
resulting ∆ݔ௘ is the distance of the airplane component North of the DGPS antenna, ∆ݕ௘ is the 
distance of the component East of the DGPS antenna, and ∆ݖ௘ is the distance of the 
component below the DGPS antenna. Hence, the altitude above MSL of an airplane 
component is given by 
 ݄௖ ൌ ݄௔ െ Δݖ௘ ൌ 	݄௔ ൅ Δݔ௕ߠ݊݅ݏ െ Δݕ௕ߠݏ݋ܿ߶݊݅ݏ െ Δݖ௕ܿ[3]   ߠݏ݋ܿ߶ݏ݋ 
 
The height of the component above the ground is therefore 
 ݄஺ீ௅,௖ ൌ ݄௖ െ ݄௧௘௥௥௔௜௡      [4] 
 
Where ݄௧௘௥௥௔௜௡ is the elevation of the ground beneath the airplane. 
 
In Figure 4, the body-fixed axis system is shown with its origin at the airplane CG, with the xb 
axis pointing forward, the yb axis pointing to the right, and the zb axis pointing down. However, 
the coordinates of each component and of the DGPS antenna are most conveniently defined 
in the airplane’s structural coordinate system, consisting of the Fuselage Station (FS) pointing 
rearwards, the Buttock Line (BL) pointing to the right, and the Water Line (WL) pointing 
upwards. The {xc, yc, zc}b coordinates of each component (in CG-centered body axes) can be 
computed from its {FSc, BLc, WLc}STRUCT coordinates (in structures axes) as follows: 
 ൝ݔ௖ݕ௖ݖ௖ൡ௕ ൌ ቐ െሺܵܨ௖ െ ௖ܮܤ஼ீሻܵܨ െ ௖ܮ஼ீെሺܹܮܤ െܹܮ஼ீሻቑௌ்ோ௎஼்      [5] 

 
Where the CG subscript indicates the structures coordinates of the CG. Note that when 
computing the difference in body coordinates between a given airplane component and the 
DGPS antenna using Equations [1] and [5], the coordinates of the CG cancel out, and so are 
not needed for the calculation. 
 
The structures coordinates of several airplane components of interest for this Study are listed 
in Table 5. These coordinates were either provided directly by GAC, or determined from 
technical drawings of the airplane. 
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Component FS, inches BL, inches WL, inches 
Average of lower and upper ADSP* locations 168.5 ±36.2 88.9 
Center of gravity (CG) 668.2†  0.0† 77† 
Accelerometers 717.971 -24.183 73.447 
DGPS antenna 660.0 0.0 151.0 
Bottom of left main gear tire (full strut extension) 716.6 -86.0 -31.8 
Bottom of left main gear tire (static @ max ramp weight) 728.7 -86.0 -12.7 
Bottom of right main gear tire (full strut extension) 716.6 86.0 -31.8 
Bottom of right main gear tire (static @ max ramp weight) 728.7 86.0 -12.7 
Bottom of nose gear tire (full strut extension) (estimate) 180.44 0.0 -7 
Cockpit (pilot station, at centerline) 239.6 0. 121.0 
Left wingtip (static, no aerodynamic load) 939.4 -562.0 77.6 
Right wingtip (static, no aerodynamic load) 939.4 562.0 77.6 

Table 5.  Structures coordinates of various airplane components of interest. *ADSP = Air Data SmartProbe. 
†These items are variable; values shown are those computed for the accident flight. 

 
The terrain elevation ݄௧௘௥௥௔௜௡ required in Equation [4] was determined from the recorded 
DGPS latitude and longitude, and the Shuttle Radar Topography Mission (SRTM) elevation 
database maintained by the United States Geological Survey (USGS). The USGS provides 
SRTM digital elevation data with a resolution of 1 arc-second (about 100 ft.) for the United 
States and 3 arc-seconds (300 ft.) for global coverage12. A constant bias of -0.7 ft. was 
applied to the SRTM elevations so as to force Equation [4] to result in the height of the main 
gear above the terrain (with struts fully extended) to be zero at liftoff. The liftoff point is defined 
as the latest point at which the recorded wheel speed for any wheel starts to decay; in this 
case, the data shows that the left wheel lifted off at 09:33:48.8, followed by the right wheel at 
09:33:50.313. 
 
The results of the height calculations outlined above are presented as a function of the 
runway x-coordinate in Figure 5, and as a function of time in Figure 6. The calculations 
presented in these Figures cover the time period from 09:33:20 to 09:34:00 (40 seconds), 
starting at the point where the airplane accelerates through 13 knots on the takeoff roll, 
continuing through the rotation and liftoff, and ending at the point where the main gear 
touched down. Note that the surveyed locations of the start of the right wing scrape mark on 
the runway, and the touchdown location of the gear, agree well with the right wingtip and right 
main gear height calculations. 
 
Small uncertainties or errors in the SRTM elevation data (on the order of ±2 feet) are evident 
in the computed heights of the fully-extended main gear shown in Figures 5 and 6. At 
maximum ramp weight, the gear compress about 1.6 feet from their fully extended positions. 
Hence, while rolling down the runway, one would expect the computed heights of the “fully 
extended” gear to be between -1.6 and 0 ft., i.e., below the runway. Figures 5 and 6 show that 
during the early part of the takeoff roll, these computed heights are actually positive in places, 
indicating that the terrain elevation at these points is erroneous. The computed height above 
the ground becomes very important during the rotation and liftoff, however, because of the 

                                                           
12 See http://edcwww.cr.usgs.gov/#/Find_Data/Products_and_Data_Available/SRTM. 
13 GAC engineers indicated that the wheel speed signal defines the liftoff point more precisely than the “weight 
on wheels” (WOW) discretes recorded by the FTIS, which can lag slightly behind the actual liftoff. Liftoff is 
defined by the wheel speed break, which typically occurs before the landing gear strut fully extends. The left and 
right WOW discretes, however, signal liftoff much closer to the full (but not complete) strut extension. 
Consequently, the estimated liftoff times used in this Study are likely very precise, but the altitude data are in 
error by the difference between the full strut extension length and the actual strut extension length at liftoff.  In 
this case, the altitude error is likely less than a foot, and has no substantive effect on the resulting analysis. 
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sensitivity of the stall angle of attack to the proximity of the ground. To obtain a more accurate 
calculation of heights in this critical area, the terrain elevation at liftoff is adjusted so that the 
extended gear height is zero at liftoff, as described above. Figures 5 and 6 indicate that the 
computed gear heights in the neighborhood of the rotation and liftoff appear reasonable. 
 
The lines labeled “CG (accel. Integration)” in Figures 5 and 6 (and the lines labeled “N652GD 
groundtrack from accelerometer integration” in Figures 2a, 2b, and 3) are the results of 
computing the airplane position by integrating the load factor (accelerometer) data recorded 
on the FTIS. These calculations are described below, in sub-section “Accelerometer data 
corrections and integration.” 
 
Figures 5 and 6 also present the content of selected CVR comments overlaid on vertical 
dash-dot lines, drawn at the runway x-coordinate (in Figure 5) or time (in Figure 6) 
corresponding to the occurrence of the corresponding CVR comment.  
  
Air data calculations and consistency checks 
 
The FTIS recorded both calibrated airspeed and true airspeed. The relationship between 
these parameters depends on the static temperature and pressure of the freestream air 
surrounding the airplane. The static pressure determines the pressure altitude, and static air 
temperature (SAT) and Mach number determine the total air temperature (TAT). Pressure 
altitude, SAT and TAT, and Mach number are all recorded by the FTIS. To confirm the 
consistency between these parameters and the recorded true and calibrated airspeeds, in this 
Study true airspeed, SAT, and Mach number are computed from other recorded parameters 
as described below, and compared with the recorded values of these parameters. 
 
True airspeed equals the Mach number multiplied by the speed of sound, and the speed of 
sound is a function of SAT. SAT is obtained from TAT (recorded by the FTIS) and Mach 
number. 
 
Mach number can be found from calibrated airspeed and static pressure. Calibrated airspeed 
is recorded directly by the FTIS, and the static pressure can be determined from the pressure 
altitude recorded by the FTIS.  
 
In summary, the calibrated airspeed, pressure altitude, and TAT recorded by the FTIS are 
used to compute Mach number, SAT, and true airspeed. The computed results are then 
compared with the values of these parameters recorded by the FTIS to confirm the internal 
consistency of the air data recorded by the FTIS. 
 
N652GD air data system 
 
The G650 air data sensors consist of four Goodrich Aerospace “SmartProbes” mounted on 
the forward fuselage, forward of the cockpit windshield (two on each side of the airplane; see 
Figure 1). These sensors provide angle of attack (α), sideslip angle (β), airspeed, and altitude 
indications to the Flight Control System.14 For the flight test program, TAT is sensed by a 

                                                           
14 Reference 7, p. 4. 



14 
 
Rosemount TAT probe mounted on a window plug on the right side of the airplane.15 
Reference 7 describes the SmartProbes as follows: 
 

Four Goodrich Air Data SmartProbe (ADSP) modules are the basis of the GVI air data system. Each 
self-contained ADSP consists of a multi-function probe (MFP) mounted to a two-channel air data 
computer (ADC), which measures local total pressure, static pressure, and angle of attack. 
Compensation for sideslip errors and measurement of aircraft sideslip angle is accomplished through 
comparison of left and right side aircraft static source pressures. Each probe head includes four static 
source ports. The two aft are pneumatically manifolded for use in sideslip determination; the two forward 
are used in determination of static pressure and aircraft angle of attack. All communication between 
ADSP modules and other aircraft systems is done electronically and requires no pneumatic tubing. The 
four independent ADSP modules allow for multiple redundancies since each can function independently 
should one or more of the other ADSPs become inoperative [Reference 7, p. 5].  

 
The FTIS recorded air data parameters from the airplane’s four Air Data Systems (ADSs). 
Each ADS receives signals from two (of four total) ADSPs: one on the left side of the airplane, 
and the other on the right, as indicated in Table 6. ADS1 and ADS2 receive signals from the 
upper ADSPs, and ADS3 and ADS4 receive signals from the lower ADSPs.  
 

ADS # Left side ADSP (SmartProbe) Right side ADSP (SmartProbe) 
1 Upper, channel A (ADSP 1A) Upper, channel A (ADSP 2A) 
2 Upper, channel B (ADSP 1B) Upper, channel B (ADSP 2B) 
3 Lower, channel A (ADSP 3A) Lower, channel A (ADSP 4A) 
4 Lower, channel B (ADSP 3B) Lower, channel B (ADSP 4B) 

Table 6.  G650 ADSP (Air Data SmartProbe) architecture (based on Figure 2 in Reference 7). 

 
Figures 7a and 7b compare the calibrated airspeed, true airspeed, and Mach number 
parameters from the four ADSs. The true airspeed and Mach number computed from the 
recorded ADS3 parameters are also shown. Note that between 09:33:47 and 09:33:51 (as the 
airplane is rotating for takeoff), the data from ADS3 and ADS4 (using signals from the lower 
ADSPs) diverge (by as much as 4 knots) from the data from ADS1 and ADS2 (using signals 
from the upper ADSPs). The ground speed data from the airplane’s inertial systems (see 
Figure10) is more consistent with the continuous acceleration apparent in the airspeed data 
from ADS1 and ADS2; hence, the “dip” or pause in airspeed recorded by ADS3 and ADS4 is 
likely the result of local flow effects over the lower ADSPs resulting from the pitch rate of the 
airplane, and does not reflect the actual airspeed behavior at that point. 
 
The calculation of true airspeed and Mach number using the recorded ADS3 calibrated 
airspeed and FTIS TAT data results in a good match of the recorded ADS3 true airspeed and 
Mach number, providing a “spot check” confirmation that the ADS data is internally consistent. 
 
The pressure altitude from the four ADSs is presented along with the FTIS TAT and SAT data 
in Figure 8. Here again the ADS3 and ADS4 data diverges from the ADS1 and ADS2 data 
during the takeoff rotation, and all four ADSs show unrealistic data behavior (including sharp 
jumps) in this area. In particular, ADS3 and ADS4 show an unrealistic 40 foot drop in pressure 
altitude during rotation, confirming that the airspeed artifacts in the same area are likely the 
result of rotation-induced local airflows about the lower ADSPs. The ADS1 and ADS2 
pressure altitude artifacts are much smaller, but still indicate that the upper ADSPs are not 
immune from errors resulting from rotation-induced flow effects. 

                                                           
15 Reference 7, p. 22. Reference 7 also indicates that “the production ADS [Air Data System]  will use two 
Goodrich Aerospace dual-sensor Total Air Temperature (TAT) probes mounted below the cockpit on the left and 
right side of the aircraft” (p. 5). 
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The decrease in SAT with increasing airspeed shown in Figure 8 is likely an artifact resulting 
from inaccurate temperature sensing at low airspeed. As air flows past the TAT sensor with 
increasing speed, the measurement becomes more accurate; by 09:33:31, as the airplane 
accelerates through 80 knots, the SAT appears to have settled to a value of about 18.5° C 
(65.3° F). The SAT computed from the FTIS TAT and ADS3 speed and pressure data agrees 
well with the SAT recorded by the FTIS, providing another “spot check” of the internal 
consistency of the FTIS air data. 
 
The bottom plot in Figure 8 presents the density altitude, as computed using the calculated 
SAT, and ADS3 pressure altitude data. The artifacts in temperature and pressure altitude 
described above are also apparent in the computed density altitude result. 
 
Angle of attack (α) at the center-of-gravity (CG) and various wing stations 
 
The angle of attack (α) is the angle between the longitudinal axis of the airplane and the 
projection of the velocity vector onto the plane defined by the longitudinal and vertical axes 
(see Figure 4). In steady, level flight, the velocity vectors of all parts of the airplane are the 
same, and so α is the same everywhere. When the airplane is rotating about its center of 
gravity, however, the rotation imparts additional velocities to different parts of the airplane 
according to their positions relative to the CG, and so each part can have a different velocity 
and angle of attack.16 
 
The performance and controllability of the airplane depend strongly on the α of the wing, and 
so the values of α at different points along the wing are of interest. The α at the CG is also of 
interest, because since the CG is close to the aerodynamic center of the wing, the α there can 
generally be taken as representative of the wing α. 
 
As described above, the ADSs compute α based on signals from the ADSPs on the forward 
fuselage. Because the ADSPs are located far (about 42 feet) from the CG, the α values 
computed by the ADSs are sensitive to pitch rate, which induces a vertical velocity component 
at the ADSPs and makes their local α differ from the α at the CG. However, if the pitch rate is 
known, its effects can be calculated and removed from the ADS α data to provide an estimate 
of α at the CG. Similarly, since the airplane roll and yaw rates are also known, the α induced 
at any point on the airplane can be determined. 
 
Figure 4 illustrates the definitions of α and the sideslip angle β, along with the airplane axis 
systems and the velocity components in these systems. The body axes {xb, yb, zb}, which 
were introduced above, are attached to the airplane. The stability axes {xs, ys, zs} are aligned 
with the body axes, but rotated about the yb axis through the angle  -α. The sideslip angle β is 
the angle between the airplane velocity vector ሬܸറ and the xs stability axis. {	ݑ,	  are the {ݓ	,ݒ
components of ሬܸറ along the {xb, yb, zb} body axes. {ܲ,	 ܳ,	 ܴ} are the components of the 
rotational velocity vector ሬ߱ሬറ in body axes (the roll rate, pitch rate, and yaw rate, respectively). 
 

                                                           
16 During the takeoff rotation, the center of rotation is about the main gear tires (these remain at a constant 
height while other parts of the airplane rise or fall). This motion  is kinematically equivalent to the superposition of 
a translation of the CG vertically, and a pure rotation about the CG. Consequently, the methods described here 
for computing α at various parts of the airplane can be applied in the takeoff rotation case.  
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It follows from Figure 4 that 
ݑ  ൌ ܸ cosሺߚሻ ݒ ሻ        [6]ߙሺݏ݋ܿ ൌ ܸ sinሺߚሻ         [7] ݓ ൌ ܸcosሺߚሻsin	ሺߙሻ        [8] 
 
Consequently 
ߙ  ൌ tanିଵ ቀ௪௨ቁ        [9] 

To determine α at a point, then, the velocity components of that point along the xb and zb axes 
must be known.  The velocity of a point ܲ on the airplane is given by 
 ሬܸറ௉ ൌ ሬܸറ஼ீ ൅ ሬ߱ሬറ ൈ  റ௉        [10]ݎ
 
where ݎറ௉ is the vector from the CG to the point ܲ. The components of ݎറ௉ and ሬ߱ሬറ in body axes 
are 
റ௉ݎ  ൌ ௉ଓ̂ݔ ൅ ௉ଔ̂ݕ ൅ ௉ݖ ෠݇ ൌ ൝ݔ௉ݕ௉ݖ௉ൡ      [11] 

 ሬ߱ሬറ ൌ ܲଓ̂ ൅ ܳଔ̂ ൅ ܴ ෠݇ ൌ ൝ܴܲܳൡ       [12] 

 
where ଓ̂, ଔ̂, ෠݇ are unit vectors along the {xb, yb, zb} axes (throughout this Study, variables in 
matrix format represent the components of the vector in question in the body-axis system).  
Using the convention ݀ݔ ⁄ݐ݀ ൌ ሶݔ  to denote time derivatives, the angular rates {ܲ,	ܳ,	ܴ} are: 
 
 ൝ܴܲܳൡ ൌ ൥ െ sin ߠ 0 1sin߶ cos ߠ cos߶ 0cos߶ cos ߠ െ sin߶ 0൩ ቐ ሶ߰ߠሶ߶ሶ ቑ     [13] 

 
{ܲ,	ܳ,	ܴ} are the body-axis roll rate, pitch rate, and yaw rate, respectively. The Euler angles 
(yaw (߰), pitch (ߠ), and roll (߶)) are recorded by the FTIS17. Substituting Equations [11] and 
[12] into Equation [10], performing the cross product, and letting {	,ݑ	,ݒ	ݓ} denote the velocity 
components of the CG gives 
 ሬܸറ௉ ൌ ቐ ௫ܸܸ௬ܸ௭ቑ ൌ ቐݑ ൅ ሺܳݖ௉ െ ݒ௉ሻݕܴ ൅ ሺܴݔ௉ െ ݓ௉ሻݖܲ ൅ ሺܲݕ െ  ௉ሻቑ      [14]ݔܳ

                                                           
17 The FTIS recorded data from the airplane’s three inertial reference system (IRS) units, including the Euler 
angles and angular rates. The data from the three systems are in good agreement; for simplicity, only data from 
IRS2 is used in this Study. 
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The {Vx, Vy, Vz} velocity components at the ADSPs can be calculated using Equations [6]-[8] 
and the ADS α and ܸ values recorded by the FTIS.18 Since  {ܲ,	 ܳ,	 ܴ} and {xP, yP, zP} are 
known, {Vx, Vy, Vz} can be used with Equation [14] to compute the {	,ݑ	,ݒ	ݓ} at the CG. α at the 
CG then follows from Equation [9]. Equations [14] and [9] can then be used to calculate α at 
any point on the airplane. 
 
In this Study, the ADS3 α is corrected as outlined above to compute the α at the CG, and at 
the left and right wingtips. The structural coordinates of the CG, ADSP probes, and wingtips 
(from which the {xb, yb, zb} body-axis coordinates of these points can be computed) are 
presented in Table 5. 
 
Figures 9a and 9b present the ADS α data, and the computed α at the CG and at each 
wingtip. The Figures also present  the pitch angle recorded by the FTIS, as well as the α and 
flight path angle (γ)19 computed by integrating the FTIS accelerometer data (as described 
below in sub-section “Inertial α, β, and γ calculations.” 
 
The effect of the pitch and roll rates on the α at the CG and wingtips can be seen clearly in 
the expanded-scales plots in Figure 9b. Between 09:33:47 and 09:33:49, where the pitch rate 
(ܳ) is highest, the vertical speed component induced at the ADSP locations make the ADSPs 
measure an α that is lower than the α at the CG by up to 1°. Similarly, vertical speed 
components induced at the left and right wingtips by the roll rate (ܲ) decrease the α at the left 
wingtip, and increase the α at the right wingtip. This effect becomes quite noticeable in Figure 
9 after 09:33:50, as the α difference between the wingtips grows to over 2°, and reaches a 
peak of about 4° at 09:33:52.5. ܲ and ܳ recorded by the FTIS are presented in Figure 15. 
 
The free-air (i.e., outside of ground-effect) stall α for the G650 is a function of Mach number, 
as determined by flight test (Reference 8). The free-air stall α for flaps 10 at the Mach 
numbers of the accident takeoff is shown in Figures 9a and 9b as the dashed purple line. At 
the time of the accident, GAC had estimated from minimum-unstick speed (Vmu) testing that 
ground effects would reduce the stall α from the free-air stall α by 1.6°20; the resulting α for 
stall in ground effect (ߙ௦௧௔௟௟,ூீா) is depicted in Figures 9a and 9b as the dashed blue line. Stall 
protection for the field performance flight test program consisted of a stick-shaker intended to 
alert the crew to a high-α condition and impending stall;21 the α threshold for the stick-shaker 
activation for the conditions of the accident takeoff (ߙ௦௛௔௞௘௥) are shown in Figures 9a and 9b 
as the dashed dark-yellow line. 
 
Figures 9a and 9b show that the α on all parts of the airplane exceeded the estimated ߙ௦௧௔௟௟,ூீா at about 09:33:54, and the free-air ߙ௦௧௔௟௟ at 09:33:55.5. As α exceeds 16°, the 
α measurement by the ADSPs appears to break down; the α recorded by each of the four 
ADS systems diverge. α from ADS1 flat-lines at 25°, suggesting that 25° is the maximum 
                                                           
18 Since the FTIS also records the ADS β, these β values can be used in Equations [6]-[8]. In this Study, 
however, for this calculation β was assumed to be small, so that cos(β) ≈ 1. This simplification has minimal effect 
on the resulting calculation of the α values at the CG and along the wingspan. 
19 While the airplane is on the ground, γ equals the runway slope. 
20 One of the flight test engineers on the accident flight computed this increment to ߙ௦௧௔௟௟ based on an analysis of 
minimum-unstick speed takeoff (Vmu) tests performed previously on N652GD (References 9 and 10). 
21 Stall protection on the production G650 will consist of a fly-by-wire High Incidence Protection Function (HIPF), 
whereby the flight control system will prevent the pilot from pulling the airplane into a free-air stall. The HIPF was 
under development and therefore unavailable for field performance testing (References 7, 9, and 13). 
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α reportable by the ADS. The best estimate of α in this region is that based on the 
accelerometer integrations, which peaks at 22.7° at 09:33:57.7. 
 
The data in Figures 9a and 9b make it clear that, at some point during the takeoff, the 
airplane stalled. A fundamental concern for the aircraft performance investigation is the timing 
of the stall relative to the right wing contact with the runway, and to ߙ௦௛௔௞௘௥ and the estimated ߙ௦௧௔௟௟,ூீா prior to the accident. The effect of the stall on the lateral control of the airplane is 
also of fundamental interest. Consequently, it is important to identify the time at which the stall 
occurred. In this Study, “stall” will be defined to mean flow separation over any part of the 
wings that makes the airplane aerodynamic performance or handling characteristics 
observably different from that of the airplane free of flow separation.  
 
To help identify the stall point thus defined, simulation and CFD work performed by GAC after 
the accident will be used to (1) compare the airplane’s performance during the accident 
takeoff with the expected performance (as defined by GAC’s engineering simulation), and (2) 
compare the angles of attack depicted in Figures 9a and 9b with updated estimates of ߙ௦௧௔௟௟,ூீா based on detailed CFD predictions of the reduction in ߙ௦௧௔௟௟  due to ground-effect. 
GAC’s simulation work is described in Section D-V, and GAC’s CFD work is described in 
Section D-VI. As will be seen and discussed further in these Sections, the aerodynamic rolling 
and yawing moments acting on the airplane during the accident takeoff start to differ from the 
moments predicted by the simulation before the airplane achieves either the ߙ௦௧௔௟௟,ூீா 
estimated prior to the accident, or ߙ௦௛௔௞௘௥. GAC’s CFD analysis indicates that the reduction in ߙ௦௧௔௟௟  due to ground effect (with the gear on the ground) is about 3°, about double the 1.6° that 
was estimated at the time of the accident. This information, together with a consideration of 
the height and α of the right wingtip, suggest that the stall likely occurred at about 09:33:50.5, 
as the airplane ߠ was increasing through 11.2°. 
 
The remainder of this Section will describe additional parameters of interest that can be 
computed from the recorded FTIS data, including those that result from an integration of the 
recorded load factor data. In addition, parameters recorded by the FTIS that are relevant to 
the aircraft performance and control, such as flight control inputs and power settings, will also 
be presented. 
  
Accelerometer data corrections and integration 
 
As noted above, the FTIS record includes measurements of all the airplane state22 
parameters of interest, including linear load factors (accelerations) and speeds from the IRSs, 
angular rates and positions from the IRSs, air speeds from the ADCs, and airplane position 
from the DGPS. However, these measurements are not necessarily kinematically consistent; 
i.e., the mathematical relationships between acceleration, speed, and position do not 
necessarily hold perfectly between all the corresponding FTIS parameters. For example, the 
time-derivative of the DGPS position should yield a ground speed that matches the ground 
speed parameter provided by the IRSs. However, as shown in Figure 10, the ground speed 
derived from the DGPS signal is very noisy, and does not match (without smoothing, or 
filtering, or a similar correction) the IRS ground speed. Similarly, the airplane position 

                                                           
22 The “state” parameters are those that define the airplane’s angular and linear motion, including angular and 
linear accelerations, speeds, and positions. 
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obtained by integrating23 the IRS ground speed and track parameters does not match the 
DGPS position perfectly. 
 
A kinematically consistent calculation of the flight path of the airplane – which maintains the 
proper mathematical relationships between accelerations, speeds, and positions – can be 
obtained for relatively short intervals (about 30 to 60 seconds) by integrating the accelerations 
recorded at the CG of the airplane. An integration of the accelerations produces speeds, and 
an integration of speeds produces positions. The resulting state parameters can be used to 
confirm the general consistency (within measurement error) of the parameters recorded by 
the FTIS, and can also be used (along with recorded wind data) to compute inertial α and β 
angles for comparison with ADS data. In addition, the parameters resulting from integration 
provide the best estimate of some performance parameters of interest, such as rate of climb 
and flight path angle (γ). 
 
However, the accelerometers that generate the load factor data recorded by the FTIS are not 
located exactly on the CG, and so the accelerations at the CG must be computed by adjusting 
the FTIS load factors for the effects of angular rates and accelerations.24 Furthermore, 
accelerometers generally contain small offsets, or “biases,” that produce large errors in speed 
and position if not removed prior to integration.25 In addition, initial values of speed, rate of 
climb, and track angle are required during the integration process (these are essentially the 
“constants of integration” when integrating acceleration to get speeds). The constants of 
integration and the values of the accelerometer biases can be estimated by selecting them 
such that the aircraft position that results from the integration agrees with known positions 
determined from another source. In this Study, the “target” positions are those defined by an 
integration of the groundspeed and track angle data recorded by the FTIS, and the DGPS-
based altitude of the CG shown in Figures 5 and 6. As described further below, the FTIS 
groundspeed and groundtrack are themselves corrected so that their integration produces 
positions that match the DGPS positions corresponding to the start and end of the integration 
period. 
 
Accelerations at the CG 
 
The accelerations at the CG can be computed from the load factors recorded by the FTIS as 
follows. The acceleration at any point ܲ on the airplane, റܽ௉, is given by 
 റܽ௉ ൌ ൝ݑሶ ൅ ܳݓ െ ሶݒܴݒ ൅ ܴݑ െ ሶݓܲݓ ൅ ܲݒ െ ൡܳݑ ൅ ቐܳሺܲݕ െ ሻܳݔ ൅ ܴሺܲݖ െ ሻܴݔ ൅ ሺݖ ሶܳ െ ݕ ሶܴ ሻܴሺܳݖ െ ሻܴݕ ൅ ܲሺܳݔ െ ሻܲݕ ൅ ሺݔ ሶܴ െ ݖ ሶܲ ሻܲሺܴݔ െ ሻܲݖ ൅ ܳሺܴݕ െ ሻܳݖ ൅ ሺݕ ሶܲ െ ݔ ሶܳ ሻቑ ൌ റܽ஼ீ ൅ ∆ റܽ [15] 

   
where: 
  

                                                           
23 Throughout this Study, “integrating” data refers to mathematical integration with respect to time, per the 
theorems of Calculus. 
24 In this case, the angular rates and accelerations are relatively small, and so the load factor corrections are 
also small. Hence, the FTIS load factor data are representative of the load factors at the CG. 
25 For details about the equations to be integrated and the bias correction technique described in this Study, see 
Appendix A of Reference 11. 
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 components of inertial velocity (not airspeed, as in Equation [14]) in the = {ݓ ,ݒ ,ݑ}
airplane body axes 

{ܲ, ܳ, ܴ} = components of angular velocity in the airplane body axes 
{ ሶܲ , ሶܳ , ሶܴ } = time derivatives of {ܲ, ܳ, ܴ} 
 coordinates of point ܲ in the airplane body axes = {ݖ ,ݕ ,ݔ}
 

(see Figure 4). Since by definition {ݖ ,ݕ ,ݔ} at the CG = {0, 0, 0}, the first term in brackets in 
Equation [15] is the acceleration of the CG ( റܽ஼ீ), and the second term is the increment in 
acceleration due to the point ܲ being away from the CG (∆ റܽ). 
 
A three axis accelerometer at point ܲ will measure load factors as follows: 
 ሬ݊റ௉ ൌ ௔ሬറುି௚ሬറ௚ ൌ ௔ሬറ಴ಸା∆௔ሬറି௚ሬറ௚ ൌ ሬ݊റ஼ீ ൅ ∆௔ሬറ௚       [16] 

 
Where റ݃ is the gravity vector, ݃ is the acceleration due to gravity (32.17 ft/s2), and Equation 
[15] has been used to substitute for റܽ௉. The components of ሬ݊റ are {݊௫, ݊௬, ݊௭}.  The normal load 
factor (݈݂݊) is 
 ݈݂݊ = െ݊௭       [17] 
 
The FTIS records ݊௫, ݊௬, and ݈݂݊ from the three IRSs (data from IRS2 is used in this Study).  
The values of {݊௫, ݊௬, ݊௭} at the CG can be found using the FTIS data and Equations [17], [16], 
and [15], with ሼݔ	ݕ,  in [15] being the body-axis coordinates of the accelerometers (these can {ݖ
be determined from the structural coordinates of the accelerometers listed in Table 5). 
 
{ܲ, ܳ, ܴ} are recorded by the FTIS, and { ሶܲ , ሶܳ , ሶܴ } can be computed from the recorded {ܲ, ܳ, ܴ}. In addition, {ܲ, ܳ, ܴ} can be computed from the ߠ, ߶, and 	߰ angles recorded by the FTIS, 
using Equation [13]; this calculation provides a check of the consistency between the FTIS 
Euler angles and angular rates. 
 
The angular rates and accelerations in this case are relatively small, and the accelerometers 
are relatively close to the CG. As a result, the ∆ റܽ	defined in Equation [15], while noticeable, is 
not large, and the {݊௫, ݊௬, ݊௭} recorded by the FTIS are good measures of the {݊௫, ݊௬, ݊௭} at the 
CG. However, these data must still be corrected for accelerometer bias. 
 
Accelerometer bias calculations 
 
In general, accelerometer biases are not constant throughout a flight, but drift over time. It is 
for this reason that integrating the accelerometer data works best over relatively short 
intervals, during which the accelerometer biases are approximately constant. In this case, the 
time period of interest spans 40 seconds (from 09:33:20 to 09:34:00), and so an acceptable 
result can be obtained using a single set of biases (as opposed to integrating multiple 
segments of the flight using different biases for each segment). For this case, the constants of 
integration and the accelerometer biases were chosen to minimize the difference between the 
trajectory resulting from the accelerometer data integration, and a “target” trajectory. The 
North and East components of the target trajectory are obtained from an integration of the 
FTIS groundspeed and track angle data. The altitude component of the target trajectory is the 
“CG (DGPS-based)” MSL altitude shown in Figures 5 and 6. 
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The constants of integration (the initial groundspeed, track angle, and rate of climb) are 
chosen to minimize the root-mean-square difference between the integrated flight path and 
the target flight path throughout the integration period. The accelerometer biases are chosen 
to minimize the error between the integration and the target at the end point of the integration; 
i.e., the biases are chosen so that the integrated flight path and target flight path coincide at 
the end of the period. The beginning and end times, constants of integration, and 
accelerometer biases used are listed in Table 7. The constants of integration are expressed 
as increments, or biases, on the initial groundspeed, track, and rate of climb that would be 
computed using the target trajectory. 
 
The FTIS track angle, relative to true North, is computed as follows: 
 ߰ீ் ൌ ்߰ ൅ Δ߰஽ோூி்      [18] 
 
Where ்߰ is the IRS magnetic heading recorded by the FTIS, and Δ߰஽ோூி் is the IRS drift 
angle recorded by the FTIS. The FTIS also recorded magnetic heading (߰ெ); thus, the 
magnetic variation at KROW can be computed as 
 Δ߰ெ஺ீ௏஺ோ ൌ 	߰ெ െ ்߰ ൌ െ8.18° (8.18°	ܧሻ   [19] 
 ߰ீ், ்߰, ߰ெ, and Δ߰஽ோூி் are plotted in Figure 14, along with the true ground track angle 
resulting from the accelerometer data integration, and the true ground track angle computed 
from the DGPS data. 
 
The integration of the FTIS groundspeed and track angle data, which serves as the “target” 
for the integration of the accelerometer data, requires some correction before the 
accelerometer data integration can proceed. This is because the track produced by 
integrating the FTIS groundspeed and track angle (without adjustment) differs slightly from the 
track recorded in the FTIS DGPS position data.26 
 
To ensure that the integration of groundspeed and track angle match the DGPS track over the 
integration period, a time-weighted velocity vector is added to the North and East velocities 
defined by the FTIS groundspeed and track angle. This vector then forces the integration of  
the North and East velocities to match the DGPS position at a point near the end of the 
period. The vector can be thought of as a “wind,” with a velocity and direction, that “blows” the 
airplane onto the DGPS position at the specified time. 
 
The time-weighted “shape” of the velocity vector is shown in Figure 11. The magnitude of the 
vector is multiplied by the factor k in this Figure, which changes over the length of the 
integration. At the beginning and end of the integration, the value of k is 0.0, and so the 
corrected East and North velocities match those defined by the FDR groundspeed and drift 
angle data at these points. The k factor ramps up to 1.0 over the first third of the segment, 
remains at 1.0 over the second third, and ramps back to 0.0 over the last third.  

                                                           
26 The DGPS provides a reliable measure of the absolute position of the airplane throughout the takeoff; 
however, speeds and track angles computed from the DGPS data are much more “noisy” than the inertial 
groundspeed and track angle recorded by the FTIS. To obtain a smooth “target” track for the accelerometer 
integration, the integrated groundspeed and track angle is preferred to the DGPS track. However, since the 
DGPS track, while noisier, provides a better measure of the “absolute” position of the airplane, the groundspeed 
/ track angle integration must be adjusted to prevent it from diverging from the DGPS track over time. 
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The magnitude and direction of the corrective velocity vector used in this case is listed in 
Table 7. 
 
Item Value 
Start time of integration 09:33:20 
End time of integration 09:34:00 
Speed bias, knots -1.59 
Track bias, degrees 2.21 
Rate of climb bias, ft./min. -19.69 ݊௫ bias, G’s -0.0078433 ݊௬ bias, G’s 0.0088787 ݈݂݊ bias, G’s 0.0083784 
Groundspeed / track correction vector magnitude, knots 2.42 
Groundspeed / track correction vector direction, degrees true (from) 167.40 

Table 7.  Accelerometer biases and constants of integration for FTIS accelerometer data integration. 
 
The runway x- and y- coordinates,27 MSL altitude, and height above the ground of the CG 
resulting from the accelerometer data integrations (not the groundspeed/track angle 
integration) are shown in Figures 2a, 2b, 3, 5, and 6. The {݊௫, ݊௬, ݈݂݊} load factors recorded 
by the FTIS, and the corresponding load factors corrected for accelerometer location and 
bias, are plotted in Figure 12. 
 
Inertial α, β, and γ calculations 
 
A calculation of α and β that is completely independent of the ADS data recorded by the FTIS 
involves computing the airplane’s airspeed components along each of the body coordinate 
axes, using the inertial speed components resulting from the accelerometer integration, and 
wind information from the GAC weather station described in Section III. This inertial α and β 
calculation serves as a consistency check on the ADS data and on the correction of α at the 
CG due to pitch rate effects on the ADSP α (described above). 
 
Airspeed, groundspeed, and wind are related as follows: 
  ሬܸറ ൌ ሬܸറீ െ ሬܸറௐ       [20] 
 
Where ሬܸറ is the airspeed vector, ሬܸറீ  is the groundspeed vector and ሬܸറௐ is the wind vector. The 
components of ሬܸറீ  are the inertial {ݓ ,ݒ ,ݑ} velocities in the body-axis system, obtained 
through the integration of the accelerometer data. The weather station provides wind speed 
and direction relative to magnetic North (vertical wind is assumed to be zero). The wind speed 
and direction can be transformed into wind components in the body-axis system using the 
FTIS Euler angles. Once the body-axis components of  ሬܸറீ  and ሬܸറௐ are defined, Equation [20] 
can be solved to obtain the {ݓ ,ݒ ,ݑ} components of ሬܸറ in the body-axis system. The inertial α 
and β can then be computed using Equations [9] and [7], respectively. Note that the total 
airspeed velocity ܸ can also be computed from its {ݓ ,ݒ ,ݑ} components. 
 

                                                           
27 The integrations are performed using the North-East coordinate system, and then the results are transformed 
into the runway coordinate system for presentation in this Study. 
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Figure 13 shows the weather station wind data recorded by the FTIS. Based on this data, a 
constant wind of 6 knots from 150° magnetic (the wind at the time of rotation) was used for 
the inertial α and β calculations. The resulting total airspeed ܸ is plotted in Figure 10 as the 
magenta line, and matches the true airspeed recorded by the FTIS well. The resulting inertial 
α is shown in Figures 9a and 9b, and matches the computed α at the CG (i.e., ADS3 α 
corrected for pitch rate effects) very well. The resulting inertial β is shown in Figure 14, and is 
in general agreement with the β from the ADSs. The differences between the inertial and ADS 
β (as much as 2° at 09:33:44) may be the result of an erroneous wind direction assumed in 
the calculation; the winds seen by the airplane at the point of rotation may have been slightly 
different than those at the weather station. 
 
The flight path angle is defined by 
ߛ  ൌ sinିଵ ቀ௛ሶ௏ቁ       [21] 
 

where γ is the flight path angle, ሶ݄ 	is the rate of climb, and ܸ is speed. Using airspeed gives γ 
relative to the airmass, and using groundspeed gives γ relative to the Earth. The inertial γ 
computed using Equation [21], with ሶ݄ 	 and ܸ from the integrated accelerometer data, is shown 
in Figures 9a and 9b. In this calculation, ܸ	is the total inertial speed relative to the Earth (not 
airspeed), so the inertial γ is also relative to the Earth.  
 
Airplane attitude, flight controls, and power settings 
 
The airplane attitude is described by the pitch, roll, and heading angles recorded by the FTIS, 
as presented in Figures 9a, 9b, and 14. The angular rates recorded by the FTIS (and those 
computed from the FTIS Euler angles, using Equation [13] ) are presented in Figure 15. The 
flight controls and power settings are also recorded on the FTIS and do not require additional 
calculations or corrections. These data are presented as a function of time in Figures 16-19. 
 
Figure 16 presents engine power parameters, including the throttle resolver angles (TRAs), 
engine N1 speeds, and the total net thrust of each engine, as computed by the Engine 
Monitor System (EMS) and recorded by the FTIS. Note that the TRA of the right engine was 
retarded at about 09:33:37, consistent with the procedure for a one-engine-inoperative 
continued-takeoff maneuver. The reduction in thrust is also apparent in the reduction in ݊௫ 
shown in Figure 12, and the change in the slopes of the speed vs. time plots in Figure 10. 
 
Figure 17 presents the longitudinal flight control parameters. Left and right control column 
positions and forces are shown in the top plot of the Figure; the resulting elevator positions 
are shown in the middle plot, and the recorded horizontal stabilizer position is shown in the 
bottom plot. 
 
Figure 18 presents the lateral flight control parameters. Left and right control wheel positions 
and forces are shown in the top plot; the resulting aileron positions are shown in the middle 
plot, and the resulting spoiler positions are shown in the bottom plot. 
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Figure 19 presents the directional flight control parameters. Rudder pedal position28 and left 
and right pedal forces are shown in the top plot; the resulting rudder position is shown in the 
middle plot, and the recorded nose wheel steering position is shown in the bottom plot. 
 
Figures 17-19 indicate that the flight control surface movements are consistent with the 
cockpit control inputs. Reference 12 confirms that the flight control system response to the 
pilot inputs was as designed. 
 
 
V.  GAC simulation “residuals” analysis 
 
GAC engineers used an engineering simulator to compute the expected aerodynamic forces 
and moments acting on N652GD during the takeoff, and to compare these expected forces 
and moments with the actual aerodynamic forces and moments required to produce the 
airplane motion recorded by the FTIS. The differences between the required and expected 
forces and moments are called simulation “residuals,” and are a measure of phenomena 
affecting the real airplane that are not accounted for in the simulation. Since all simulation 
models are imperfect approximations of the real airplane, the residuals are not expected to be 
perfectly zero (i.e., no difference between the simulation and reality), even for cases that do 
not result in an accident. However, large residuals, or a sudden growth in the residuals, 
indicate the action of a relatively major, non-modeled (i.e., unexpected) phenomenon 
affecting the motion of the airplane. In the accident case, the sudden growth of residuals in 
the rolling and yawing moments can help identify the onset point of an (unexpected) stall on 
the right wing, that led to a loss of roll control and the impact of the right wingtip with the 
runway. Computational Fluid Dynamics (CFD) work performed by GAC engineers after the 
accident confirms that the onset of stall in ground effect occurs at a lower α than was 
predicted at the time of the accident (the CFD work is described in the next Section). The stall 
α predicted by the CFD results is in good agreement with the timing of the stall suggested by 
the simulation residual analysis, as will be described further below. 
 
This section provides a brief description of simulators in general, and then describes the 
calculation of expected and actual aerodynamic forces and moments using the simulation 
models and the FTIS data. The differences between the actual and expected results are then 
presented as residual aerodynamic rolling and yawing moment coefficients.  
 
Simulation overview 
 
The simulation residual analysis described in this Study is a special application of the GAC 
G650 engineering simulator. The way this application works is best understood in terms of 
how it differs from a “standard” simulation, in which a human pilot seated at the controls of a 
simulator cab makes control inputs as he would in a real airplane, and the simulation 
calculates the appropriate response in the control forces, airplane motion, instrument 
displays, and visual scene. 
 
Figure 20 is a flow chart describing the logic and data flow in a standard simulation. The 
boxes with bold lines and non-italicized text represent simulation models, that is, units of 
computer code and data that describe the behavior of a part of the airplane or its systems 
mathematically. The boxes with non-bold lines and italicized text represent physical quantities 
                                                           
28 The FTIS record contains only one rudder pedal position parameter, though it contains separate parameters 
for left and right column and wheel positions. 
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or values computed by the simulation models. The arrows indicate which simulator models 
compute the various physical quantities, and how these quantities are in turn used as inputs 
by other models. 
 
Starting with the box labeled “Human Pilot,” we see that by manipulating the simulator cab 
controls the pilot can generate inputs to the column, wheel, throttles, speedbrake handle, 
flaps, gear, and other cockpit controls duplicated in the cab. He can also provide inputs to the 
Flight Management Computer and Autopilot. In the case of desktop engineering simulations, 
which run on the computer without a cab, these “pilot” inputs are accomplished by computer 
code. For both desktop and cab-based simulations, the pilot inputs are eventually processed 
by the simulator flight controls model that calculates the appropriate response of the airplane 
control surfaces, and by the propulsion model that computes the response of the airplane’s 
engines and the resulting thrust forces and moments. The aerodynamic model then uses the 
control surface positions along with the motion state of the airplane (airspeed, altitude, etc.) to 
calculate aerodynamic forces and moments on the airplane. Ground reaction forces are 
computed by the gear model. The total forces and moments are used along with quantities 
calculated by the mass properties model in the solution of the equations of motion that 
determine the motion states, both angular and linear. Angular states are the airplane’s yaw, 
pitch and roll angles, and their time derivatives (angular rates and accelerations). Linear 
states are the components of the three dimensional position of the airplane in space and their 
time derivatives (velocities and accelerations). These states are also used as inputs in the 
various mathematical models that compute the quantities that eventually affect the forces and 
moments. 
 
In the case of cab-based simulations, information about the airplane motion states and from 
the propulsion model are used to drive the visual displays and cockpit instruments in the cab. 
For simulator cabs on a motion base (such as Level-D training simulators), the motion 
information can be used to maneuver the base in an attempt to duplicate, within limits, the 
acceleration cues felt by the pilots. 
 
Calculation of expected aerodynamic forces and moments 
 
The aerodynamic forces and moments on an airplane depend on the airplane’s state (attitude, 
orientation, speed), configuration (flaps, landing gear), flight controls (column, wheel, pedal), 
and the environment (atmospheric properties, gravity). The simulation aerodynamic models 
use these quantities as inputs to determine aerodynamic forces and moments. In standard 
simulations, the airplane state must be continuously computed by the simulation itself, 
through a solution of the equations of motion. For the accident case, the airplane state (and 
other required inputs) are either recorded directly by the FTIS, or can be derived from the 
FTIS data, as described in Section D-IV. Consequently, there is no need for the simulation to 
solve the equations of motion in order to determine the aerodynamic forces and moments that 
the simulation models would predict would be acting on the airplane at every moment through 
the takeoff; the required state parameters can be provided to the models directly. 
 
The six aerodynamic forces and moments are most conveniently expressed in the form of 
dimensionless aerodynamic coefficients. The three force coefficients are: 
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௅ܥ  ൌ ௅௤തௌ       [22] 

஽ܥ  ൌ ஽௤തௌ       [23] 

௒ܥ  ൌ ௒௤തௌ       [24] 

 
Where ܦ ,ܮ, and ܻ are the lift, drag, and side forces, respectively; ܵ is the wing reference 
area; and ݍത is the dynamic pressure of the airstream: 
തݍ  ൌ ଵଶ  ଶ       [25]ܸߩ

 
Where ߩ is the air density and ܸ is the true airspeed. 
 
The three aerodynamic moment coefficients are: 
 
ெܥ  ൌ ெ௤തௌ௖̂       [26] 

ோܥ  ൌ ோ௤തௌ௕       [27] 

ேܥ  ൌ ே௤തௌ௕       [28] 

 
 
Where ܯ, ܴ, and ܰ are the pitching, rolling, and yawing moments, respectively;29 ܿ̂ is the wing 
mean aerodynamic chord (MAC); and ܾ is the wingspan. 
 
GAC computed the expected aerodynamic coefficients for the accident takeoff by querying 
the G650 simulation models using the airplane state and other required inputs determined 
from the FTIS record. 
 
Calculation of actual aerodynamic forces and moments 
 
The total forces and moments acting on the airplane are the sum of aerodynamic, propulsion, 
and ground reaction forces and moments. Consequently, the aerodynamic forces and 
moments can be computed if the total, propulsion, and ground reaction forces and moments 
are known or can be estimated: 
റ஺ܨ  	ൌ റ௉ܨ	–	റ்ܨ	 	െ	ܨറீ ሬሬറ஺ܯ [29]       ൌ ሬሬറ௉ܯ	–	ሬሬറ்ܯ	 െ ሬሬറீܯ      [30]	
 

                                                           
29 Textbooks in the United States commonly use a lower-case “ܮ” (݈) to denote the rolling moment, but in this 
Study an ܴ is used to avoid potential confusion with ܥ௅. Also note that in Europe, ܥோ and ܥே are sometimes non-
dimensionalized with the wing MAC (ܿ̂) instead of the wingspan (ܾ). 
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Where the ܨറ denote forces, the ܯሬሬറ denote moments, and the subscripts  ܩ ,ܲ ,ܣ, and ܶ denote 
aerodynamic, propulsion, ground reaction, and total forces (or moments), respectively. Note 
that the quantities in Equations [29] and [30] are vectors. 
 
The total forces and moments acting on the airplane (ܨറ் and ܯሬሬറ்) produce linear and angular 
accelerations in accordance with the equations of motion. For the accident case, since the 
linear and angular accelerations are included in or can be computed from the FTIS data, the ܨറ் and ܯሬሬറ் can be determined.  
 
The FTIS record includes the net thrust of the engines as computed by the EMS, and so the ܨറ௉ and ܯሬሬറ௉ are also known or can be computed (to the degree that the EMS thrust calculations 
are correct). However, the FTIS does not measure or compute any parameters that can be 
used to determine ܨറீ  or ܯሬሬറீ . Instead, the simulation gear model can be used to estimate ܨറீ  
and ܯሬሬറீ , using the airplane geometry (position and attitude) relative to the ground as input. 
This geometry can be determined from the FTIS data. 
 
The ܨറ் and ܯሬሬറ் are computed from the linear and angular accelerations, and the airplane’s 
mass properties, using Euler’s equations of motion for a rigid body: 
റ்ܨ  ൌ ቐܨ௫ܨ௬ܨ௭ቑ் ൌ ݉ ൥൝ݑሶ ൅ ܳݓ െ ሶݒܴݒ ൅ ܴݑ െ ሶݓܲݓ ൅ ܲݒ െ ൡܳݑ െ ݃ ൝ െ sin ߶sinߠ cos ߶cosߠ cos  ൡ൩   [31]ߠ

 

ሬሬറ்ܯ ൌ ቐܯ௫ܯ௬ܯ௭ቑ் ൌ ൞ܫ௫௫ ሶܲ ൅ ൫ܫ௭௭ െ ௬௬൯ܴܳܫ ൅ ௫௬൫ܴܲܫ െ ሶܳ ൯ ൅ ௬௭ሺܴଶܫ െ ܳଶሻ െ ௫௭൫ܲܳܫ ൅ ሶܴ ൯ܫ௬௬ ሶܳ ൅ ሺܫ௫௫ െ ௭௭ሻܴܲܫ ൅ ௬௭൫ܲܳܫ െ ሶܴ ൯ ൅ ௫௭ሺܲଶܫ െ ܴଶሻ െ ௫௬൫ܴܳܫ ൅ ሶܲ ൯ܫ௭௭ ሶܴ ൅ ൫ܫ௬௬ െ ௫௫൯ܲܳܫ ൅ ௫௭൫ܴܳܫ െ ሶܲ ൯ ൅ ௫௬ሺܳଶܫ െ ܲଶሻ െ ௬௭൫ܴܲܫ ൅ ሶܳ ൯ൢ [32] 

 
In these equations, ݉ is the mass of the airplane (equal to the airplane weight (ܹ) divided by ݃), ܫ௫௫, ܫ௬௬, and ܫ௭௭ are the moments of inertia, and ܫ௫௬, ܫ௫௭, and ܫ௬௭ are the products of inertia. 
The weight and inertias for the accident condition are listed in Table 1. Note that because of 
the symmetry about the ݖ-ݔ plane, ܫ௫௬ and ܫ௬௭ are assumed to be zero. 
 
The ܨറ் and ܯሬሬറ் defined in Equations [31] and [32] are in body-axis coordinates. Hence, care 
must be taken when using these parameters to compute ܨറ஺ and ܯሬሬറ஺ using Equations [29] and 
[30] that the ܨറ௉ and ܯሬሬറ௉, and ܨറீ  and ܯሬሬറீ , used in the calculation are also in body-axis 
coordinates. The resulting ܨറ஺ and ܯሬሬറ஺ will of course also be in body-axis coordinates. 
 
The aerodynamic force and moment coefficients used in the simulator are in stability axis 
coordinates, and so to compute the aerodynamic coefficient residuals, ܨറ஺ and ܯሬሬറ஺ must be 
transformed into stability axes: 
റ஺,௦௧௔௕ܨ  ൌ ቐܨ௫ܨ௬ܨ௭ቑ஺,௦௧௔௕ ൌ ൝െܻܦെܮൡ ൌ ൥ cos ߙ 0 sin 0ߙ 1 0െsin ߙ 0 cos ൩ߙ ቐܨ௫ܨ௬ܨ௭ቑ஺   [33] 
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ሬሬറ஺,௦௧௔௕ܯ  ൌ ቐܯ௫ܯ௬ܯ௭ቑ஺,௦௧௔௕ ൌ ൝ܴܰܯൡ ൌ ൥ cos ߙ 0 sin 0ߙ 1 0െsin ߙ 0 cos ൩ߙ ቐܯ௫ܯ௬ܯ௭ቑ஺   [34] 

 
Equivalently, the aerodynamic coefficient residuals can be computed in body-axis 
coordinates;30 in this case, the simulator stability-axis forces and moments must be 
transformed into body-axis coordinates using the inverses of Equations [33] and [34]: 
റ஺ܨ  ൌ ቐܨ௫ܨ௬ܨ௭ቑ஺ ൌ ൥cos ߙ 0 െ sin0ߙ 1 0sin ߙ 0 cos ߙ ൩ ቐܨ௫ܨ௬ܨ௭ቑ஺,௦௧௔௕ ൌ ൥cos ߙ 0 െ sin0ߙ 1 0sin ߙ 0 cos ߙ ൩ ൝െܻܦെܮൡ  [35] 

ሬሬറ஺ܯ  ൌ ቐܯ௫ܯ௬ܯ௭ቑ஺ ൌ ൥cos ߙ 0 െsin 0ߙ 1 0sin ߙ 0 cos ߙ ൩ ቐܯ௫ܯ௬ܯ௭ቑ஺,௦௧௔௕ ൌ ൥cos ߙ 0 െsin 0ߙ 1 0sin ߙ 0 cos ߙ ൩ ൝ܴܰܯൡ  [36] 

 
Calculation of aerodynamic coefficient residuals 
 
Once the actual and expected ܨറ஺,௦௧௔௕ and ܯሬሬറ஺,௦௧௔௕ (or their body-axis equivalents) are 
computed,  the non-dimensional aerodynamic coefficients can be computed using Equations 
[22]-[28]. Finally, the coefficient residuals can be computed as the difference between the 
actual coefficients and the coefficients predicted by the simulator: 
 Δܥ௫ ൌ ௫,௔௖௧ܥ െ  ௫,௦௜௠      [37]ܥ

 
Where Δܥ௫ is the coefficient residual, the ݔ subscript denotes any of the force or moment 
coefficients, the “ܽܿݐ” subscript refers to the actual coefficients computed using Equations 
[33], [34], and [22]-[28], and the “݉݅ݏ” subscript refers to the coefficients predicted by the 
simulator for the flight conditions recorded by the FTIS. 
 
The results of GAC’s simulation residual analysis are shown in the middle plot of Figure 21. 
The top plot of the Figure shows the ߠ and α data from the FTIS, as well as the computed α 
at the CG, vs. time (similar to the data shown in Figure 9b). The middle plot presents the 
rolling moment and yawing moment coefficient residuals (Δܥோ and Δܥே, respectively), in body 
axis coordinates, vs. time.31 The bottom plot in Figure 21 plots Δܥோ and Δܥே (in body axes) vs. 
the computed α at the CG. These plots make it clear that Δܥோ and Δܥே start to grow 
dramatically as the ߠ and α at the CG pass through 11.2° at about 09:33:50.5. This indicates 
that at α = 11.2°, a large aerodynamic effect suddenly takes place on the real airplane that is 
not modeled in the simulator. This effect produces large yawing and rolling moments to the 
right, which account for the continued roll and yaw of the airplane to the right in spite of the 
increasing left wheel and rudder applied by the pilot at the time (see Figures 18 and 19).  
 
The abruptness, magnitude, and character of the aerodynamic effect on Δܥோ and Δܥே are 
compelling indications of flow separation on the right wing (i.e., an asymmetric stall of the 

                                                           
30 The residuals computed by GAC engineers for the accident analysis are in fact in body-axis coordinates. 
31 The “bump” in Δܥோ between 09:33:52.5 and 09:33:53.2 shown in Figure 21 are likely the result of the left rolling 
moment produced by the right wingtip striking the runway. 
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airplane), even though the aerodynamic effect occurs below both the ߙ௦௧௔௟௟,ூீா predicted prior 
to the accident, and the ߙ௦௛௔௞௘௥ threshold in place at the time. The conclusion that the onset of 
the large Δܥோ and Δܥே residuals at α = 11.2° is the result of an asymmetric stall is 
substantiated by the results of a Computational Fluid Dynamics (CFD) analysis of the G650 in 
ground-effect conducted by GAC after the accident, as described in the next Section. 
 
 
VI. GAC Computational Fluid Dynamics ground-effects analysis 
 
After the accident, GAC engineers conducted an extensive CFD analysis of the effect of the 
proximity of the ground on the aerodynamics of the G650 (ground-effect), and in particular of 
the influence of the ground on the stall angle of attack (ߙ௦௧௔௟௟). The difference between ߙ௦௧௔௟௟ 
in-ground-effect (ߙ௦௧௔௟௟,ூீா) and ߙ௦௧௔௟௟ out-of-ground-effect or in “free air” (ߙ௦௧௔௟௟,ைீா) is the 
increment in ߙ௦௧௔௟௟ due to ground effect: 
 

 Δߙ௦௧௔௟௟,ூீா ൌ ௦௧௔௟௟,ூீாߙ െ  ௦௧௔௟௟,ைீா     [38]ߙ
 
Based on previous GAC airplane programs and on low-speed wind tunnel tests, prior to the 
accident GAC engineers expected Δߙ௦௧௔௟௟,ூீா to be about -2° (Reference 14, p. 15). At a 
previous point in the flight test program, one of the flight test engineers on the accident flight 
adjusted this increment to -1.6° based on an analysis of minimum-unstick speed takeoff (Vmu) 
tests (References 9 and 10; Reference 14, p. 15).  
 
During previous flight tests of the G650, ߙ௦௧௔௟௟,ைீா	was determined to be a function of flap 
setting and Mach number. The flaps 10 ߙ௦௧௔௟௟,ைீா corresponding to the accident takeoff is 
plotted in Figures 9a and 9b; the decrease in ߙ௦௧௔௟௟,ைீா with time as Mach number increases is 
apparent in the Figures. Figures 9a and 9b also show the ߙ௦௧௔௟௟,ூீா corresponding to the pre-
accident Δߙ௦௧௔௟௟,ூீா = -1.6° estimate. As described in Section D-V, the Δܥோ and Δܥே residuals 
grow abruptly as α passes through 11.2° at 09:33:50.5, i.e., before α exceeds the pre-
accident prediction for ߙ௦௧௔௟௟,ூீா. This observation, together with the nature of the accident (a 
loss of roll control leading to a wing-tip strike on takeoff rotation) indicate the necessity of an 
in-depth analysis of ground-effect on the G650, and on the magnitude and behavior of Δߙ௦௧௔௟௟,ூீா in particular. 
 
Overview of ground effect 
 
The physical basis and qualitative effects of ground-effect on an airplane’s aerodynamics are 
well understood (see, for example, References 15-17). The airflow around the airplane cannot 
have a vertical component at the ground plane (i.e., air cannot flow into or out of the ground), 
and so the streamlines around the airplane are altered from what they would be in free air. 
Specifically, the downwash produced by the wing trailing vortices is reduced by the proximity 
of the ground plane, which in turn reduces the induced angle of attack and induced drag, and 
increases the ܥ௅ at a given α. These effects are sketched in Figure 22, which is taken from 
Reference 15. 
 
The sketch in Figure 22 illustrates that ߙ௦௧௔௟௟,ூீா is lower than ߙ௦௧௔௟௟,ைீா, and the sketch also 
suggests that the maximum ܥ௅ achievable (ܥ௅௠௔௫) in- and out- of ground-effect are the same. 
Recent research mirrors the behavior depicted in Figure 22; for example, Reference 18 notes 
that 
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It has been established that the stall of all types of aircraft occurs approximately 2 to 4 degrees (AOA) 
lower with the wheels of the aircraft on the ground. … 
 
… The aircraft in ground effect possesses a similar CLMAX as in-flight, but the absolute AOA for stall 
has reduced. 

 
However, other researchers have documented that ܥ௅௠௔௫ can decrease in ground-effect. For 
example, one of the conclusions of Reference 22 is that “with flaps deflected, a decrease in 
height of the wing above the ground resulted in decreases in maximum lift …” [p. 10]. 
 
Given this disparity of evidence, the quantitative effects of ground-effect are likely unique to 
every airplane configuration, and must be evaluated either by test or analysis for each 
configuration. The CFD analysis performed by GAC for the G650 indicates that the wings-
level Δߙ௦௧௔௟௟,ூீா, with the main wheels on the ground and fully compressed, is about -3°. 
Notably, the CFD results also indicate that the ܥ௅௠௔௫ achievable in-ground-effect is also 
reduced compared to ܥ௅௠௔௫ out-of-ground-effect, in contrast to the behavior depicted in 
Figure 22 and noted in Reference 18, but consistent with the conclusions of Reference 22. 
  
Overview of CFD tools and methods 
 
Computational Fluid Dynamics (CFD) is the science of solving the equations of motion of 
fluids numerically with digital computers, and visualizing the resulting solutions. The partial 
differential equations that comprise the fluid equations of motion are discretized into finite-
difference equations at the intersection points of a grid or mesh that describes the solution 
space or volume, and that defines the geometry of the objects about which the flow solution is 
sought (e.g., an airplane). The finite-difference equations are then integrated forward in time 
until, after a sufficient number of iterations or time steps, the solution asymptotes towards a 
steady-state value at each grid point (Reference 19). 
 
The CFD tools and methods used by GAC to analyze the G650 in- and out- of ground-effect 
(and the results of the analysis) are described in Reference 20. That document provides the 
following bullet-points regarding the CFD solver and solution method: 
 

• NSU3D [the CFD solver used by GAC] developed by the University of Wyoming & Scientific 
Simulations LLC [See more information at http://www.scientific-sims.com/software/nsu3d]. 

• This code is an unstructured Reynolds Averaged Navier-Stokes solver, used at GAC since April 
18th, 2011. 

• Employs multi-gridding for solution convergence. 
• Parallel implementation is employed to reduce run-times (solver uses 2n processors for multi-

gridding strategy). 
• Employs a Spalart-Allmaras Turbulence Model, which was not developed for this application but 

seems to do a good job anyway. 
• Solution time averages 2-3 hours for 30x106 cell grid on 256 processors. However, much longer run 

times [are] required to obtain complete solution convergence at aerodynamic stall conditions. 
• To-date logged 1,361,912 CPU hours using NSU3D on this study. 
• IGE study requires one model for each angle of attack. Process is labor intensive - total of 80 

models built for 2 flap settings (flap 10 and 20) for h/b study alone. 
• Half plane model used to reduce compute times where viable. Full span model used for sideslip, 

aileron, spoiler, rudder and banked flight study. 
• Domain grids ranged from 25 to 65 x 106 cells. 
• Each grid requires 32MB RAM and takes 2-3 CPU hours to close. 
• Ground plane modeled as an inviscid boundary (to simplify boundary layer growth and its interaction 

with aircraft). 
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The surface grid used to define the G650 at flaps 10 and β = 0° with the gear on the ground 
and fully compressed is shown in Figure 23, which is taken from Reference 20. 
 
GAC validated the use of NSU3D for predicting Δߙ௦௧௔௟௟,ூீா by first using it to predict ߙ௦௧௔௟௟,ைீா 
for the geometry and conditions of a half-span wind tunnel model of the G650 that was tested 
at high-Reynolds number in the European Transonic Wind Tunnel (ETW). The CFD solutions 
duplicated the lift curve, ܥ௅௠௔௫, and ߙ௦௧௔௟௟ obtained in the ETW very well, providing confidence 
that NSU3D could be used to determine the increments to ܥ௅௠௔௫ and ߙ௦௧௔௟௟ due to ground-
effect. Note that GAC used the CFD solutions to obtain increments to aerodynamic properties 
due to ground-effect; the absolute values of the properties in-ground-effect were determined 
by adding the CFD ground-effect increments to the free-air values obtained from flight test. 
 
CFD results: stall α in ground effect at zero sideslip angle 
 
The results of the CFD in-ground effect analysis for flaps 10 and β = 0°, at Mach = 0.190 (120 
kts. calibrated airspeed), are shown in Figure 24, which is taken from Reference 20. The 
numerical values on the ܥ௅ scale are omitted in order to protect the proprietary nature of the 
data. Figure 24 indicates that: 
 

• The behavior of the lift curve in-ground-effect is similar to that sketched in Figure 22; 
however, 

 .௅௠௔௫ out-of-ground-effectܥ ௅௠௔௫ in-ground-effect is reduced compared toܥ •
• With the gear on the ground, the CFD solution predicts Δߙ௦௧௔௟௟,ூீா = -3.25°. 
• The effect of ground effect on ߙ௦௧௔௟௟ and ܥ௅௠௔௫ decreases rapidly with increasing gear 

height. 
• The stall is abrupt, occurring over an α range of less than 1°, with little “bending over” 

of the lift curve prior to stall (these characteristics are also evident in the ETW data). 
• There is a significant drop in ܥ௅ at the stall; consequently, if stall occurs on one wing 

but not the other, a large rolling moment will develop. Similarly, the large drag increase 
on the stalled wing will create a large yawing moment. Reference 20 notes that “post 
stall roll-off is abrupt and will saturate lateral control power.” 

 
On the basis of a curve fit through the CFD Δߙ௦௧௔௟௟,ூீா results for all flap settings, GAC 
engineers modeled Δߙ௦௧௔௟௟,ூீா as a quadratic function of the inverse of the height of a 
reference point on the airplane above the ground. This function is intended as a means of 
computing ߙ௦௧௔௟௟,ூீா for safety of flight monitoring32 (Reference 21): 
 Δߙ௦௧௔௟௟,ூீா ൌ 50.7453 ቀ ଵ௛಴ಷವቁଶ െ 25.6787 ቀ ଵ௛಴ಷವቁ;  ݄஼ி஽ ൒ 5.3792	ft.	  [39] 

 ݄஼ி஽ is the height of the CFD reference point on the airplane. This point is computed by 
adding 5.3792 feet to the height of the bottom of the main gear tires above the ground, 
assuming that the main gear struts are fully compressed; hence, the minimum value of ݄஼ி஽ 
(with the main gear on the ground and fully compressed) is 5.3792 ft.. Consequently, the 
minimum possible value of Δߙ௦௧௔௟௟,ூீா from Equation [39] is -3.02°, even though the flaps 10  

                                                           
32 For safety of flight monitoring, ߙ௦௧௔௟௟,ூீா would be computed by adding the Δߙ௦௧௔௟௟,ூீா defined by Equation [39] 
to the ߙ௦௧௔௟௟,ைீா for the conditions at the time, and be available for display on the flight test engineers’ IADS 
screens. ݄஼ி஽ for this calculation would be based on DGPS data. 
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 Δߙ௦௧௔௟௟,ூீா result from the CFD analysis is -3.25°. This 0.23° difference is acceptable given its 
small magnitude, the uncertainties inherent in the CFD analysis, the observed trend of Δߙ௦௧௔௟௟,ூீா with ݄஼ி஽, and the intent of the curve fit for safety-of-flight monitoring.  
 
The ݄஼ி஽ for the accident takeoff is shown in the top plot of Figure 25. Also shown is the “right 
wingtip equivalent ݄஼ி஽,” which is the ݄஼ி஽ at zero roll angle that would result in the same 
actual height of the wingtip above the ground as that plotted in Figures 5 and 6. At the start of 
the takeoff roll, both these ݄஼ி஽ curves are identical, but as the airplane rolls and the right 
wingtip nears the ground, the “right wingtip equivalent ݄஼ி஽” decreases below the actual ݄஼ி஽. 
 
The middle plot of Figure 25 shows the ߙ௦௧௔௟௟,ூீா for the accident takeoff computed by adding 
the Δߙ௦௧௔௟௟,ூீா from Equation [39] to ߙ௦௧௔௟௟,ைீா. The ߙ௦௧௔௟௟,ூீா computed using Δߙ௦௧௔௟௟,ூீா 
evaluated at both the actual ݄஼ி஽ and the “right wingtip equivalent ݄஼ி஽” are shown33. Note 
that the ߙ௦௧௔௟௟,ூீா based on the CFD results lies below ߙ௦௛௔௞௘௥. Also note that at 09:33:50.5 
(the point at which the stall occurs, based on the simulation residual analysis described in the 
previous Section), the α at the CG is still below ߙ௦௧௔௟௟,ூீா (which would suggest that α is still 
not high enough to produce a stall), but that the α at the right wingtip reaches the ߙ௦௧௔௟௟,ூீா 
computed using the “right wingtip equivalent ݄஼ி஽.” This result is consistent with a stall on the 
right wing occurring at this point. 
 
The bottom plot of Figure 25 shows the stick shaker discretes recorded by the FTIS. These 
indicate that the stick shaker “active” signals are consistent with the times where ߙ < ߙ௦௛௔௞௘௥ 
per the middle plot of the Figure. 
 
Additional CFD results 
 
GAC used the NSU3D solver to evaluate the effect of other parameters on the aerodynamics 
of the G650 in-ground-effect, including: 
 

• Sideslip angle (β) 
• Aileron and spoiler deflection 
• Rudder deflection 
• Roll angle 

 
Reference 20 lists the following conclusions regarding these evaluations: 
 

• CFD predicts sideslip has no effect on wing aero. stall margin when β ≤ 5 degrees. At higher sideslip 
angles CFD predicts stall margin is reduced, but wind tunnel and Flight Test data suggest this may 
be a conservative estimate. 

• Aileron deflection has no effect on ߙெ௔௫ [ߙ௦௧௔௟௟]  but will change ܥ௅௠௔௫. 
• Spoiler deflection has no effect on ߙெ௔௫ but will reduce ܥ௅௠௔௫. 
• Ground effect has no impact on rudder effectiveness. 
• Bank [roll] angle in ground effect will reduce wing angle of attack margin to aerodynamic stall on 

down-going wing. 
 
                                                           
33 In Equation [39], Δߙ௦௧௔௟௟,ூீா → ∞ as ݄஼ி஽ → 0. To avoid unreasonably large values of Δߙ௦௧௔௟௟,ூீா evaluated using 
the “right wingtip equivalent ݄஼ி஽” (which drops below the minimum ݄஼ி஽ of 5.3792 ft. allowed in Equation [39]), Δߙ௦௧௔௟௟,ூீா  is constrained to be ൒ -3.02° (the value from Equation [39] evaluated at 5.3792 ft.) even for “right 
wingtip equivalent ݄஼ி஽” values < 5.3792 ft.. Reference 20 indicates that at ߶ = 10° and β = -4°, Δߙ௦௧௔௟௟,ூீா may 
have an additional increment of about -1°. At  09:33:50.5 (the time of the stall), ߶ = 2.3°. 
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The CFD results do indicate that a non-zero β will cause the “downstream” wing to stall first; 
i.e., a negative β (wind from the left) will cause the flow to separate on the right wing first. This 
is the situation on the accident flight; Figure 14 shows that β at 09:33:50.4 is about -3.5°. A 
visualization of the CFD results of a “mirror image” of this situation (i.e., positive β, and flow 
separating first on the left wing) is presented in Reference 20 and included here as Figure 26. 
The dark coloring on the left wingtip in the Figure indicates areas of flow separation. 
 
The result reported in Reference 20 that “bank angle in ground effect will reduce wing angle 
of attack margin to aerodynamic stall on down-going wing” is consistent with the analysis 
presented above that related the height of the right wingtip to a “right wingtip equivalent ݄஼ி஽,” 
and compared the ߙ௦௧௔௟௟,ூீா using this equivalent ݄஼ி஽ to the α at the right wingtip resulting 
from the combination of the α at the CG and the airplane’s roll rate. 
 
 
E. CONCLUSIONS 
 
The accident scene information, recorded flight test and CVR data, and post-accident 
simulation and CFD analyses performed by GAC indicate the following sequence of events 
during the accident, from just prior to brake release to the final location of the airplane about 
300 feet from the FAA control tower: 
 
Longitudinal control and response 
 
At 09:33:17, the airplane was on the runway centerline and aligned with the runway heading, 
and the power was set for takeoff, as the brakes were released. At this weight, altitude and 
flap position, the aircraft decision speed (V1) was 125 knots calibrated airspeed (KCAS), the 
target rotation speed (VR) was 127 KCAS, and the target take-off safety speed (V2) was 135 
KCAS. The test card for this OEI CTO maneuver specified that a target ߠ of 9° was to be 
captured immediately following rotation and maintained until V2, and then adjusted so as to 
maintain V2. Between 09:33:35 and 09:33:36 the right throttle was retarded (“chopped”), 
consistent with the engine-failure speed (VEF) of 105 KCAS briefed for the takeoff. As the 
thrust from the right engine decreased, the pilot input left rudder to maintain runway heading. 
At 09:33:45.7, as the airplane was accelerating through 123 KCAS, the co-pilot called “rotate.” 
 
Between 09:33:46.5 and 09:33:47, as the airplane accelerated through 125-127 KCAS, the 
pilot pulled the control column aft 6° with about 50 lb. of force, and the elevators moved 
trailing-edge-up consistent with this control input. The pitch rate responded promptly, reaching 
a peak of 6 deg./sec. at 09:33:48. At 09:33:48.5, the pilot relaxed the pull force on the column 
to about 10 lb., and then increased it again to about 25 lb. at 09:33:49.5. Between 09:33:49.5 
and 09:33:52, the pilot maintained between 23 and 30 lb. of pull force on the column, 
corresponding to a column position between 2.5° and 3.5° aft. At 09:33:49, as ߠ was 
increasing through about 9°, the pitch rate relaxed to about 1 deg./sec. and remained there 
until about 09:33:52.5. 

Based on wheel speed data recorded by the FTIS, the left main gear tire lifted off at about 
09:33:50.1, and the right tire lifted off at about 09:33:50.6. The simulation aerodynamic 
coefficient residual analysis conducted by GAC indicates that at 09:33:50.5, as θ and α were 
increasing through 11.2°, large aerodynamic rolling and yawing moments to the right, which 
were not modeled in the simulator, were acting on the airplane.  
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The abruptness, magnitude, and character of the unexpected aerodynamic rolling and yawing 
moments are compelling indications of flow separation on the right wing (i.e., an asymmetric 
stall of the airplane), even though these aerodynamic moments appear below both the ߙ௦௧௔௟௟,ூீா predicted prior to the accident, and the ߙ௦௛௔௞௘௥ threshold in place at the time. 

The conclusion that the onset of the large moments at α  = 11.2° is the result of an 
asymmetric stall is substantiated by the results of a CFD analysis of the G650 in ground effect 
conducted by GAC after the accident, which indicates that at flaps 10, the increment in stall 
angle of attack due to ground-effect (Δߙ௦௧௔௟௟,ூீா) can be as much as -3.25°, or about twice the Δߙ௦௧௔௟௟,ூீா of -1.6° that had been estimated at the time of the accident. The CFD analysis also 
indicates that at non-zero sideslip, the downwind wing will stall first, consistent with the 
situation during the accident. The results of the CFD analysis, together with the nose-right 
sideslip angle, the reduced height of the right wingtip due to the right roll angle, and the 
increased α on the right wing due to the right roll rate, are consistent with a stall occurring on 
the right wing at about 09:33:50.5, as suggested by the simulation residual analysis. 
 
At 09:33:52.3, the recorded α data reached 12.4°, the threshold for the stick-shaker stall 
warning corresponding to the Mach number and flap setting at the time, and the stick-shaker 
discretes recorded by the FTIS changed from “inactive” to “active.” Between 09:33:52.3 and 
09:33:52.6, the pilot pushed the column forward abruptly, moving it from 2.5° aft (a 20 lb. pull) 
to -1.2° forward (a 12.3 lb. push). Between 09:33:52.5 and 09:33:53.3, θ decreased from 
12.9° to 11.5°, and α  decreased from about 12.7° to about 11.5°.  
 
Between 09:33:52.6 and 09:33:53.1, the pilot pulled back again on the column with about 38 
lb. of force, moving it to about 4° aft. He relaxed the column to about 1.5° aft (15 lb. pull) at 
09:33:54, then pulled back again with over 60 lb, moving the column to about 7.5° aft. The 
column remained aft, with the pilot pulling between 60 and 110 lb. of force, until the airplane 
touched down again at 09:34:00. The θ and α responded to these inputs; θ  reached 13.8° at 
09:33:54.5, decreased to 12.4° at 09:33:55.5, and then climbed to 14.8° at 09:33:57.5, before 
decreasing to -0.2° at touchdown at 09:34:00. α  reached 15° at 09:33:54.5, decreased to 14° 
at 09:33:55.3, and then climbed to 22.7°34 at 09:33:57.7, before decreasing to 9.5° at 
touchdown.  
 
Lateral control and response 

As the airplane accelerated down the runway following brake release, the pilot maintained a 
wheel input of about -1° to -2° (left), and the airplane’s roll angle remained within 1° of level. 
As the pilot was pulling back on the column between 09:33:46.5 and 09:33:47, a 1 deg./sec. 
right yaw rate developed, which lasted until about 09:33:50. At about 09:33:48.5, a right roll 
rate started to develop, that grew to about 4.9 deg./sec. at 09:33:51. At 09:33:50, the sideslip 
angle was about -3°, as a result of the yaw and a slight (2.5 knot) left crosswind; the roll angle 
was 1.4°. The control wheel deflection increased from about 1.8° left to about 11.9° left 
between 09:33:47 and 09:33:50. 

Between 09:33:50 and 09:33:51.1, the pilot moved the control wheel from 11.9° left to 22.6° 
left, but this did not reverse the roll rate to the right (the stall on the right wing likely occurred 
at 09:33:50.5). The increased wheel input did arrest the increase in the roll rate briefly; the roll 
rate remained at about 4.9 deg./sec. between 09:33:51.0 and 09:33:51.8, before increasing to 

                                                           
34 Based on the inertial α calculation; the α data from the ADS is unreliable at these high values. 
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a peak of 9.6 deg./sec. at 09:33:52.5. Between 09:33:52.5 and 09:33:53.1, the roll rate 
reversed rapidly from 9.6 deg./sec. to the right to 1.3 deg./sec. to the left. This reversal likely 
resulted from the contact of the right wingtip with the runway, about 5160 feet from the runway 
threshold, at a roll angle of 13.4°. Between 09:33:52.4 and 09:33:52.7, or about 1 second 
before the right wingtip strike, the pilot moved the control wheel abruptly from 26.5° left to 60° 
left (full deflection), but this did not prevent the roll rate from increasing to the right. Instead, 
between 09:33:52.7 and 09:33:58.8, the roll angle progressively increased from 15.5° to 32° 
right-wing-down. After 09:33:58.8, the roll rate reversed, and the roll angle decreased to 17° 
right-wing-down at touchdown at 09:34:00. 
 
Directional control and response 

During the takeoff roll prior to the right throttle chop, the pilot maintained a rudder pedal 
deflection of about 0.5 inches to the right. Following the throttle chop, the pilot moved the 
rudder pedal to about 1.4 inches left, modulating the input as required to maintain runway 
heading. Between 09:33:50.4 and 09:33:51, the pilot increased the left pedal deflection from 
about 1.6 inches to about 2.8 inches, and maintained this deflection for about one second. 
Between 09:33:52 and 09:33:52.7, the pilot moved the rudder pedal from 2.8 inches left to 3.5 
inches left (full deflection). 

Between 09:33:51 and 09:33:56.3, the yaw rate to the right increased continuously (except for 
a brief reduction between 09:33:52.8 and 09:33:53.5), from -0.3 deg./sec. (left) to 9.5 
deg./sec. (right). Between 09:33:53.5 and 09:33:53.8, the right TRA was advanced to match 
the left TRA. Following this advance, the right engine power started to increase. 
 
The contact of the right wing with the runway produced a scrape mark starting about 5160 
feet from the threshold. When the airplane departed the paved surface about 5900 feet from 
the threshold, this scrape became a “furrow” in the ground. Following liftoff, the right main 
gear tire reached a maximum height above the runway of about 12.6 feet at 09:33:58, as the 
roll angle continued to increase to a maximum of 32° at 09:33:58.7. Ground scar evidence 
and recorded data indicate that the right wingtip was close to or in contact with the ground 
throughout the time that the main gear were airborne; the right wing ground furrow continues 
to the point where the main gear touched down again, about 6770 feet from the runway 
threshold and 461 feet to the right of the runway centerline. 
 
After the main gear touched down, the airplane continued a right turn, generally tracking to 
the west. The ground track marks and debris field pass within about 150 feet of the GAC 
telemetry (TM) trailer, where GAC engineers were monitoring the flight. The airplane tracks 
pass over the locations of two substantial structures on the airport property: a concrete 
electrical service shaft, and a metal pole supporting weather instrumentation.  
 
The recorded flight test data ends at 09:34:09.0, 8064 ft. from the runway threshold and 1530 
ft. to the right of the runway centerline. The CVR recording ends 1.3 seconds later. The 
airplane continued to slide for about another 540 ft., coming to rest 8404 ft. from the runway 
threshold and 1949 ft. to the right of centerline, about 300 feet from the FAA control tower. 
 
 _________________________________________ 

 John O’Callaghan 
 National Resource Specialist – Aircraft Performance 
 Office of Research and Engineering  
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G. GLOSSARY OF SYMBOLS AND ACRONYMS 

 
English characters 
 റܽ  Acceleration vector 
ADC  Air Data Computer 
ADS  Air Data System 
ADSP  Air Data SmartProbe 
AGL  Above Ground Level 
ASCB  Avionics Standard Communication Bus ܾ  Wingspan 
BL  Buttock Line ܿ̂  Mean aerodynamic chord 
CAIS  Common Airborne Instrumentation System ܥ஽  Drag coefficient 
CDAU  CAIS Bus Data Acquisition Unit 
CFD  Computational Fluid Dynamics 
CG  Center of Gravity ܥ௅  Lift coefficient ܥெ  Pitching moment coefficient ܥே  Yawing moment coefficient ܥோ  Rolling moment coefficient 
CVR  Cockpit Voice Recorder ܥ௒  Side-force coefficient ܦ  Drag force 
DGPS  Differential Global Positioning System 
EMS  Rolls Royce Deutschland Engine Monitor System ܨറ  Force vector 
FAA  Federal Aviation Administration 
FBI  Federal Bureau of Investigation 
FDR  Flight Data Recorder 
FR  Heim Flight Recorder 
FS  Fuselage Station 
FTIS  Flight Test Instrumentation System റ݃  Gravity vector ݃  Acceleration due to gravity (32.17 ft/s2) 
GAC  Gulfstream Aerospace Corporation 
GNSS  Global Navigation Satellite System 
GPS  Global Positioning System ݄  Altitude or height above the ground 
HIPF  High Incidence Protection Function ଓ̂   Unit vector along body x-axis 
ICS  Innovative Control Systems, Inc. 
IGE  In-ground-effect 
IRS  Inertial Reference System ܫ௫௫  Roll moment of inertia ܫ௫௭  Product of inertia ܫ௬௬  Pitch moment of inertia ܫ௭௭  Yaw moment of inertia ଔ̂   Unit vector along body y-axis ෠݇   Unit vector along body z-axis 
KCAS  Knots calibrated airspeed 
KROW  Roswell International Air Center Airport ܮ  Lift force ݉  Airplane mass = ܹ/݃ ܯ  Pitching moment ܯሬሬറ  Moment vector ܰ  Yawing moment 
OGE  Out-of-ground-effect 
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MAC  Mean Aerodynamic Chord 
MDT  Mountain Daylight Time 
MFP  Multi-function Probe 
MSL  Mean Sea Level ሬ݊റ  Load factor vector ݈݂݊  Normal load factor = െ݊௭ 
NMSP  New Mexico State Police 
NTSB  National Transportation Safety Board ܲ  Body-axis roll rate ݍത  Dynamic pressure ܳ  Body-axis pitch rate ݎറ௉   Vector from the CG to point ܲ ܴ  Body-axis yaw rate or rolling moment (dependent on context) 
RPD  Roswell Police Department ܵ  Wing area 
SAT  Static Air Temperature 
SRTM  Shuttle Radar Topography Mission 
TAT  Total Air Temperature 
TIS  Honeywell Test Interface System 
TM  Telemetry 
TRA  Throttle Resolver Angle ݑ   Velocity component along x-body axis 
USGS  United States Geological Survey 
UTC  Universal Coordinated Time ݒ   Velocity component along y-body axis  ܸ  Total velocity (inertial speed or airspeed dependent on context) ሬܸറ    Velocity vector (inertial speed or airspeed dependent on context) 
V1 Takeoff decision speed. V1 means the maximum speed in the takeoff at which the pilot must 

take the first action (e.g., apply brakes, reduce thrust, deploy speed brakes) to stop the airplane 
within the accelerate-stop distance. V1  also means the minimum speed in the takeoff, following 
a failure of the critical engine at VEF, at which the pilot can continue the takeoff and achieve the 
required height above the takeoff surface within the takeoff distance. 

V2  Takeoff safety speed 
VEF  Speed at which the critical engine is assumed to fail during takeoff 
VFR  Visual Flight Rules 
Vmu  Minimum unstick speed 
VR  Takeoff rotation speed ݓ   Velocity component along z-body axis ܹ  Airplane weight = ݉݃ 
WL  Water Line ݔ  x-coordinate (axis system dependent on context) ݕ  y-coordinate (axis system dependent on context) ܻ  Side-force ݖ  z-coordinate (axis system dependent on context) 
 
Greek characters 
 Flight path angle   ߛ Sideslip angle  ߚ Angle of attack  ߙ 
Δ  Increment or difference in the quantity following the Δ ߠ  Pitch angle ߶  Roll angle ߰   Heading or track angle (magnetic or true dependent on context) ሬ߱ሬറ   Rotational velocity vector ߩ  Air density 
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Figure 2a. 
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Figure 2b. 
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Figure 3. 
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Figure 5. 
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Figure 6. 
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Figure 7a. 

09:33:20 09:33:25 09:33:30 09:33:35 09:33:40 09:33:45 09:33:50 09:33:55 09:34:00

0.00

0.05

0.10

0.15

0.20

09:33:20 09:33:25 09:33:30 09:33:35 09:33:40 09:33:45 09:33:50 09:33:55 09:34:00

0

20

40

60

80

100

120

140

09:33:20 09:33:25 09:33:30 09:33:35 09:33:40 09:33:45 09:33:50 09:33:55 09:34:00

0

20

40

60

80

100

120

140

E
xp

re
ss

io
n 

5

B
an

k 
an

gl
e.

E
xp

re
ss

io
n 

4.

P
ow

er
.

B
an

k 
an

gl
e.

E
xp

re
ss

io
n 

3.
E

xp
re

ss
io

n 
2.

E
xp

re
ss

io
n 

1.

R
ot

at
e.

C
ho

p.

80A
irs

pe
ed

.

P
ow

er
.

DCA11MA076: GAC G650, N652GD, Roswell, NM, 04/02/2011
FTIS & computed airspeed and Mach number

FTIS time, HH:MM:SS MDT

 ADS1
 ADS2
 ADS3
 ADS4
 Computed based on ADS3 params

M
a

ch
 N

u
m

be
r

C
a

lib
ra

te
d

 a
irs

p
e

e
d

, 
kn

o
ts

 ADS1
 ADS2
 ADS3
 ADS4

T
ru

e
 a

irs
p

e
e

d
, k

n
o

ts

 ADS1
 ADS2
 ADS3
 ADS4
 Computed based on ADS3 params



49 
 
  

Figure 7b. 
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Figure 8. 
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Figure 9a. 
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Figure 9b. 
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Figure 10. 
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Figure 12. 
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Figure 13. 
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Figure 14. 
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Figure 15. 
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Figure 16. 
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Figure 17. 
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Figure 18. 
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Figure 19. 
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Figure 21. 
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Figure 22.   Ground effects on airplane aerodynamics (from  
   Reference 15) 
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Figure 26.   Visualization of the CFD flow solution at flaps 10,	β = 4° (crosswind from right) in-ground-effect. The dark 
coloring on the left wingtip indicates areas of flow separation (from Reference 20).
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