
ATTACHMENT U 

Excerpts of Airbus Aerodynamic Principles of Large-Airplane Upsets 

(11 pages) 

FACTUAL REPORT ATTACHMENTS DCA02MA001 



- .  
: .: . . . .  . 

, -. 
. >.. 

. .  . . ... 7 
: .  i .. . 

. .  



ial aviation industty. 

Airbus Industrie 

avoidance is the best 

John Cashman 

n and recovery still 

Boeing Conwnercial, 

Boeing Commercialr . Pilots who are 

can retum an 



erodynamic principles applied 
to large, swept-wing commer- 

cial jet’airplanes are similar among d l  
manufacturers, and the recommended 
techniques for recovering from an upset 
in an airplane subject to these principles 
are also compatible. Pilots who under- 
stand the conditions of an upset, though 
such an event is unlikely, will be better 
prepared to recover from it. 

The four conditions that generally de-. 
scribe an airplane upset (figure :) are. 
unintentional: 
(I Pitch attitude more than 25 degrees 
nose up. 
fl Pitch attitude more than 10 degrees 
nose down. 
d Bank angle more than 45 degrees. 
(I Flight within these parameten dt air- 
speeds inappropriate for the conditions. 
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In order to avoid an upset, or to re 
cover from one, pilots must understanc 
the following: 
0 Aerodynamic fundamentals appliec 
to large airplanes. 
0 Application of aerodynamic funda 
mentals to airplane upsets. 
0 Recovery techniques. 

c Airline pilots are thoroughly familia 
with airplane handling qualities unde 
normal flight conditions. In general, i 
pitch is increased (the result of pullinj 
back on the controls), altitude in. 
creases; i n  level flight, if thrust is in. 
creased. airspeed increases. 

However, when an airplane is taker 
to the edges of the flight envelope, dif. 
ferent situations result. It is possible, 
for example, to encounter flight condi. 
tions where an increase in thrust is 
needed to maintain a slower airspeed, 
and where an increase in pitch will de- 
crease altitude. While airline pilots may 
have received training on how to use 
flight controls to recover from airplane 
upsets, they rarely, if ever, experience 
these conditions in line operations. 

In the context of aerodynamics, the 
following three basic concepts should 
be understood: 
e Energy management. 
0 Pitch control. 
@ Lateral and directional control. 

Energy management 

Three sources of energy are available to 
generate aerodynamic forces and thus 
maneuver the airplane: 
0 Kinetic energy, which increases with 
increasing airspeed. 
0 Potential energy, which is propor- 
tional to altitude. 
0 Chemical energy, which is from the 
fuel in the airplane’s tanks. 

The term “energy state” describes 
how much of each kind of energy the 
airplane has available at any given 
time. The critical element to realize is 
that pilots who understand the airplane 
energy state will be in a position to 
know what options are available to ma- 
neuver the airplane. 

The airplane is continuously cxpend- 
ing energy in flight because of drag. 
Drag is usually offset by using some of 
the stored chemical energy - that is, 
by burning fuel in the engines. (At 
landing, the reverse is the case when 
wheel brakes [friction] and thrust re- 
versers dissipate energy). 

During maneuvering, the three types 
of energy can be traded, or exchanged, 
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usually at the cost of additional drag. 
This process of consciously manipulat- 
ing the energy state of the airplane is 
referred to as energy management. 
Airspeed (kinetic energy) can be traded 
for altitude (potential energy). Altitude 
therefore can be traded for airspeed, as 
in a dive. This trading of energy, how- 
ever, must be balanced with the final 
desired energy state in mind. For exam- 
ple, when a pilot trades altitude for air- 
speed by descending the airplane, the 
descent angle must be selected care- 
fully in order to capture the final de- 
sired energy state with the introduction 
of the necessary chemical energy. 

This becomes especially important 
when the pilot wants to generate aero- 
dynamic forces and moments to maneu- 
ver the airplane. Kinetic energy can be 
traded for potential energy (climb). 
Potential energy can be converted to 
kinetic energy. Chemical energy can be 
converted by engines to either potential 
or kinetic energy, but only at specified 
rates. These ”Energy relationships” are 
shown in figure 2 

The objective of maneuvering the air- 
plane is to manage energy so that ki- 
netic energy stays between limits (stall 
and placards), potential energy stays 
within limits (terrain-to-buffet altitude). 
and chemical energy stays above cer- 
tain thresholds (fuel in tanks). These 
Doncepts are especially important to un- 
derstanding recovery from an airplane 
upset. 

In managing these energy states and 
trading between the sources of energy, 
the pilot does not directly control the 
:nergy. The pilot controls the direction 
and magnitude of the forces acting on 
the airplane. These forces result in ac- 
xlerations applied to the airplane. The 
Esult of these accelerations is a change 
In the orientation of the airplane and a 
:hange in the direction, magnitude, or 
>oth, of the flight path vector. 
Ultimately, velocity and altitude define 
he energy state. 

This process of controlling forces to 
:hange accelerations and produce a 
iew energy state takes time. The 
mount of time required is a function of 
he mass of the airplane and the magni- 
ude of the applied forces, and is gov- 
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erned by Newton's laws. Airplanes of 
larger mass generally take longer to 
change orientation than do smaller 
ones. This longer time requires the pilot 
to plan ahead in a large-mass airplane 
to ensure that the actions taken will re- 
sult in the find desired energy state. 

Thrust, weight, lift and drag are thl 
forces that act upon an airplanc 
(figure 3). Maneuvering is accom 
plished by variations of these force! 
and is controlled by the throttles anc 
flight controls. 

6 

surface. Lift varies with angle of attack 
for constant speed and ah density. As 
angle of attack is increased, the lift in- 
creases proportionally, and this increase 
in lift is normally linear. At a specific 
angle of attack, however, the resulting 
lift due to angle of attack behaves dif- 
ferently. Instead of increasing, it de- 
creases. At t h i s  critical angle of attack, 
the air moving over the 'ipper wing sur- 
face can no konger remain attached to 
the surface, the flow breaks down, and 
the surface is considered stalled. The 
breakdown of the flow and consequent 
loss of lift is iependent only upon the 
angle of attack of the surface. This is 
true regardless of airplane speed or atti- 
tude. An airplane stall is characterized 
by any one (or a combination) of the 
following conditions: 
e Buffeting. 
0 Lack of pitch authority. 
@ Lack of roll control. 
D Inability to arrest descent rate. 

These conditions are usually accom- 
)anid by a continuous stall warning. A 
itall must not be confused with the stall 
warning that alerts the pilot to an a p  
roaching stall. Recovery from an a p  
)roach to stall is not the same as are- 
overy from an actual stall. An 
pproach to stall is a controlled flight 
ianeuver; a stall is an out-of-control, 
ut recoverable, condition. 
Flight controls give the pilot the abil- 

y to manage the forces icting on the 
irplane in order to maneuver; that is, to 
hange the flight path of the airplane 

(figure 4). 

The lift force in pounds, or kilo- 
grams, generated by a surface is a result 
of the angle of attack, the dynamic 
pressure of the air moving around it 
(which is a function of the airspeed and 
density), and the size and shape of the 
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Pitch control 

Movement around the lateral axis  of an 
airplane is called pitch (figure S), and ir 
usually controlled by the elevator 
Given any specific combination of air- 
plane configuration, weight, center 01 
gravity, and speed, all forces will be 
balanced at one elevator position. In 
flight, the two elements most easily 
changed are speed and elevator posi- 
tion; as speed changes, the elevator po- 
sition must be adjusted to balance the 
aerodynamic forces. Control forces re- 
quired for this new position can be neu- 
tralized by adjusting the pitch trim 
mechanism. Typically, the pitch trim 
mechanism adjusts the position of the 
horizontal stabilizer. 

An important concept for pilots to 
understand is that if the airplane is at a 
balanced, "in-trim" angle of attack in 
flight, i t  will seek to return to the 
trimmed angle of attack if upset by ex- 
ternal forces or momentary pilot input. 
This is due to the longitudinal stability 
designed into that airplane. 

Changes in airplane configuration also 
affect pitch control. For example, flap 
ektension usually creates a nose-down 
pitching moment; flap retraction usually 
creates a nose-up pitch. When extended, 
wing-mounted speedbrakes usually pro- 
duce a nose-up pitching moment. 

Pitch attitude can also change with 
thrust. With underwing engines, reduc- 
ing thrust creates a nose-down pitching 
moment; increasing thrust creates a 
nose-up pitching moment. 

The combination of elevator and hor- 
izontal stabilizer positions also affects 
pitch. In normal maneuvering, the pilot 
displaces the elevator by applying an 
elevator control force. The pilot then 
trims the horizontal stabilizer by dri- 
ving it to a new position to remove the 
elevator control force. This new hori- 
zontal stabilizer position is faired with 
the elevator. If they are not faired (one 
is down and the other is up) one cancels 
out the other. This condition limits the 
airplane's ability to overcome other 
pitching moments from configuration 
changes or thrust. 

Lateral and 
directional control 

Similar to how feathers on the back of 
m arrow make it fly straight, airplanes 
lave a vertical stabilizer to keep the 
lose into the wind. The rudder is at- 
ached to the vertical stabilizer, and 
novement of the rudder into the airflow 
:reates a force and a resulting rotation 
ibout the vertical axis. This motion is 
:alled yaw (figure 5). The vertical sta- 
)ilizer and the rudder are sized to meet 
wo objectives: to control asymmetric 
hrust from an engine failure at the 
nost demanding flight condition 
greater than Vl), and to generate suffi- 
ient sideslip for crosswind landings. 
'0 achieve these objectives, the vertical 
tabilizer and rudder must be capable of 
enerating powerful yawing moments 
nd la* sideslip angles. 
Motion about the longitudinal axis is 
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called roll (figure 5) .  Control input$ 
cause the ailerons and spoilers to con. 
'uol the airplane's roll rate. The aileron 
and spoiler movement changes the local 
angle of attack of the wing, changing 
the amount of lift and causing rotatior: 
about the longitudinal axis. . 

During an airplane upset. unusuallj 
large amounts of aileron or spoiler in- 
put may be required to recover the air. 
plane. After input of full roll control, il 
may be necessary to use rudder i n  t h e  
direction of the desired roll. The 
amount of rudder required to coordinate 
the maneuver will depend on the air- 
plane type and associated systems. An 
uncoordinated rudder movement results 
in a nose movement (yaw) in the direc- 
tion of the rudder input. The yaw cre- 
ates sideslip, which causes a roll in the 
same direction as the rudder input. The 
roll, due to sideslip, is referred to as di- 
hedral effect. 

When encountering an angle of attack 
associated with the onset of stick 
shaker, ailerons and spoilers are still ef- 
fective at controlling roll. However, as 
the angle of attack continues to increase 
beyond the angle associated with stick 
shaker onset, the airflow over the wing 
separates and airplane buffet generally 
begins. Without decreasing the angle of 
attack, the combination of ailerons and 
spoilers in this separated airflow may 
not always generate a significant force; 
therefore, little rotation about the longi- 
tudinal axis occurs on some models. 
Since the vertical stabilizerlrudder is 
rarely aerodynamically stalled, it is still 
possible to generate a force and a nose 
rotation with associated roll rate. 

However, ut a high angle of 
attack, pilots must be extremely 
careful when using the rudder for 
assisting lateral control. Ikessive 
d e r  can cause excessive sideslip 
which could lead to depanure from 
controlled flight 

Asymmetric thrust creates a yawing 
and a rolling moment. An engine fail- 
ure creates an undesired yaw and roll. 
Conversely, an intentional engine throt- 
tle up or down could create a desired 
yawing moment followed by a desired 
rolling moment. Using asymmetric 
thrust to control roll is not precise be- 
cause of the lag time associated with 
engine spool-up or spool-down and 
should be avoided unless no other 
means of roll control are available. 
Generally the pilot should attempt to re- 
store symmetric thrust conditions dur- 
ing an upset recovery. 

Though airline pilots in line operation 
will rarely, if ever, encounter an upset 
situation, understanding how to apply 
aerodynamic fundamentals in such a 
situation will help them control the air- 
plane. Several techniques are available 
for recovering from an upset. In most 
situations, if a technique is effective, it 
is not recommended that pilots use ad- 
ditional techniques. Several of these 
techniques are discussed in the example 
scenarios below: 
0 Stall recovety. * Nose high, wings level. 
0 Nose low, wings level. 
0 High bank angle. 

Stall recovery 
In all upset situations, it is necessary to 
m v e r  from a stall before applying any 
other recovery actions. To recover from 
the stall, angle of attack must be re- 
duced below the stalling angle. Nose- 
down pitch control must be applied and 
maintained until the wings are un- 
stalled. Under certain conditions, on 
airplanes with underwing-mounted en- 
gines, it may be necessary to rqduce 
some thrust in order to prevent the an- 
gle of attack from continuing to in- 
xease. Once unstalled, upset recovery 
sctions may be taken and 'hrust reap- 
plied as needed. 

Nose hfgh, wings fevel 

[n a situation where the airplane pitch 
attitude is unintentionally more than 25 
iegrees nose high and increasing, the 
ldnetic energy (airspeed) is decreasing 
Xpidly. According to the energy aan- 
igement discussed earlier, the energy is 
tctually being stored as potential en- 
xgy. As airspeed decreases, the pilot's 
tbility to maneu rer the airplane also 
lecreases. If the dabilizer trim setting 
s nose up, as for slow-speed flight, it 
)artially reduces the nose-down author- 
ty of the elevator. Further complicating 
his situation, as the airspeed decreases, 
he pilot could intuitively make a large 
hrust increase. This will cause an addi- 
ional pitch up for underwing-mounted 
ngines. At full thrust settings and very 
ow airspeeds, the elevator - working 
n opposition to the stabilizer -will 
Lave limited control to reduce the pitch 
ttitg.de. 
In this situation the pilot should trade 

he potential energy of altitude for air- 
peed, and would have to maneuver the 
lirplane's flight path back toward the 
iorizon. This is accomplished by the 
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input of up to full nose-down elevator 
and the use of some nose-down stabi- 
lizer trim. These actions should provide 
sufficient elevator control power to pro- 
duce a nose-down pitch rate. It may be 
difficult to know how much stabilizer 
trim to use, and care must be taken to 
avoid using too much trim. Pilots 
shouId not fly the airplane using stabi- 
lizer trim, and should stop trimming 
nose down when they feel the g force 
on the airplane lessen or the required 
elevator force lessen. This use of stabi- 
lizer trim may correct an out-of-trim 
airplane and solve a less-critical prob- 
lem before the piIot must apply further 
recovery measures. Because a large 
nose-down pitch rate will result in a 
condition of less than 1 g, at this point 
the pitch rate should be controlled by 
modifying control inputs to maintain 
between 0 to 1 g. If altitude permits, 
flight tests have determined that an ef- 
fective way to achieve a nose-down 
pitch rate is to reduce some thrust on 
airplanes with underwing-mounted en- 
gines. The use of this technique is not 
intuitive and must be considered by 
each operator for their specific fleet 

If normal pitch control inputs do not 
stop an increasing pitch rate, rolling the 
airplane to a bank angle that starts the 
n o s  down should work. Bank angles of 
about 45 degrees, up to a maximum of 
60 degrees, could be needed. Unloading 
the wing by maintaining continuous 
nose-down elevator pressure will keep 
the wing angle of attack as low as pos- 
sible, making the normal roll controls 
as effective as possible. With airspeed 
as low as stick shaker onset, normal roll 
controls - up to full deflection of 
ailerons and spoilers - may be used. 
The rolling maneuver changes the pitch 

, 

. 
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.. types. [n a situation where the airplane pitch 
ittitude is unintentionally more than 10 
kgrees nose low and going lower, the 
iinetic energy (airspeed) is increasing 
,apidly. A pilot would likely reduce 
hrust and extend the speedbrakes. The 
hrust reduction will cause an additional 
iose-down pitching moment. The 
ipeedbrake extension will cause a nose- 
JP pitching moment, an increase in 
hag, and a decrease in lift for the same 
mgle of attack. At airspeeds well above 
lMO/MMO, the ability to command a 
iose-up pitch rate with elevator may be 
educed, because of the extreme aero- 
lynamic loads on the elevator. 

rate into a turning maneuver, allowing 
the pitch to decrease. Finally, if normal 
pitch control then roll control is ineffec- 
tive, careful rudder input in the direc- 
tion of the desired roll may be required 
to induce a rolling maneuver for 
recovery. 

Only a small amount of rudder 
i s  needed. Too much rudder ap- 
plied too quickly or held too long 
may result in loss of lateral and di- 
rectional control. Becaitse.of the 
low energy condition, pilots should 
exercise caution when applying 
r a e r .  

The reduced pitch attitude will allow 
airspeed to increase, thereby improgng 
elevator and aileron control effective- 
ness. After the pitch attitude and air- 
sped return to a desired range; the pilot 
can reduce angle of bank with normal 
lateral flight controls, and return the 
airplane to normal flight 

Nose low, wings level 

FAST SPECIAL 



V Hinh bunk curale 
Again, it is necessary to maneuver 

the airplane's flight path back toward 
the horizoh. At moderate pitch atti- 
tudes, applying nose-up elevator - and 
reducing thrust and extending speed- 
brakes, if necessary - will change the 
pitch attitude to a desired range. At ex- 
tremely low pitch attitudes and ,Egh air- 
speeds (well above mO/MMO), nose- 
up elevator and nose-up trim may be 
required to establish a nose-up pitch 
rate. 

High bank angle 

A high bank angle s one beyond that 
necessary for normal flight. Though the 
bank angle for an iipset has been de- 
fined as unintentionally more than 45 
degrees, it  is possible to experience 
bank angles greater than 90 degrees. 

Any time the airpkiine is not in "zero. 
angle-of-bank" flight, lift created bv the 
wings is not beingfully applied against 
gravity and more than 1 g will be re- 
quired for level flight (figure 6). At 
bank angles greater than 67 degrees, 
level flight cannot be maintained within 
flight manual limits for a !.5 g load fac- 
tor (figure 7). In high bink angle in- 
creasing airspeed situatlons, the pri- 
mary objective is to maneuver the lift 
of the airplane to directly oppose the 
force of gravity by roll ng to wings 
level. Applying nose-u2 elevator at 
bank angles above 60 degrees causes no 
appreciable change in pitch attitude and 
may exceed normal structure load lim- 
its as well as the wing angle of attack 
for stall. The closer the lift vector is to 
vertical (wings .evel), the more effec- 
tive the applied E is in recovering the 

ation of ip to full lat- 
eral control should provide enough roll 
control power to establish 3 very posi- 
tive recovery roll rate. If tu11 roll con- 
trol application is not satisfactory, it 
may even be necessary tc apply some 
rudder in the direction of the desired 

.) Only a small amount qrudder 
i s  needed. Tqo much rudder 
applied too quick1:l or aeld too 

Nose high, 
high bank angle 

igh angle-of-bank upset 

xcessively high pitch Utitudes. 
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V Nose high, high-bank angle 

The pilot must apply nose-down eleva- 
tor and adjust the bank angle to achieve 
the desired rate of pitch reduction while 
considering energy management. Once 
the pitch attitude has been reduced to 
the desired level, it is necessary only to 

* reduce the bank angle, ensure that suffi- 
cient airspeed has been achieved, and 
return the airplane to level flight. 

Nose low, 
high bank angle 

The nose low, high angle-of-bank upset 
requires prompt action by the pilot as 
potential energy (altitude) is rapidly be- 
ing exchanged for kinetic energy (air- 
speed). 

Even if the airplane is at a high 
enough altitude that ground impact is 
not an immediate concern, airspeed can 
rapidly increase beyond airplane design 
limits. Simultaneous application of roll 
and adjustment of thrust may be neces- 
sary. It may also be necessary to apply 
nose down elevator to limit the amount 
of lift, which will be acting toward the 
ground if the bank angle exceeds 90 de- 
grees. This will also reduce wing angle- 
of-attack to improve roll capability. 
Full aileron and spoiler input should be 
used if necessary to smoothly establish 
a recovery roll rate toward the nearest 
horizon. It is important to not increase g 
force or use nose-up elevator or stabi- 
lizer until approaching wings level. The 
pilot should also extend the speed- 
brakes as necessary. 

It is possible to consolidate and incor- 
porate recovery techniques into two ba- 
sic scenarios - nose-high and nose- 

V Nose low, high-bank angle 

low - and to acknowledge the poten- 
tial for high bank angles in  each sce- 
nario described above. Other crew ac- 
tions such as recognizing the upset, 
reducing automation, and completing 
the recovery are included in these tech- 
niques. Airbus and Boeing believe the 
mommended techniques provide a log- 
ical progression for recovering an air- 
plane. The techniques assume that the 
airplane is not stalled. If it is, recovery 
from the stall must be accomplished 
first. 

Nose-high recovery 

I Recognize and c o n f i i  the situation. 
o Disengage autopilot and autothrottle. 
0 Apply as much as full nose-down el- 
evator. 
e Apply appropriate nose-down stabi- 
l i r  trim. 
0 Reduce thrust (for underwing- 
mounted engines). 
o Roll (adjust bank angle) to obtain a 
nose-down pitch rate. 
o Complete the recovery: 
o when approaching the horizon, roll 
to wings level 
o check airspeed and adjust thrust 
3 establish pitch attitude. 

Nose-low recovery 

D Recognize and confirm the situation. 
D Disengage the autopilot and auto- 
hmttle. 
D Recover from stall, if necessary. 
L Roll in the shortest direction to 
wings level (unload and roll if bank an- 
:le is more than 90 degrees). 
I Recover to level flight: 
1 apply nose-up elevator 
) apply stabilizer trim, if necessary. 
) adjust thrust and drag as necessary. 
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Airplanes are subject to the laws of 
aerodynamics and physics. With a clear 
understanding of how airplanes react 
when obeying these laws, pilots will be 
better equipped to safely deal with an 
airplane upset in the rare event that one 
occurs. Each upset event may result 
from different causes. but the concepts 
for recovery are similar. 
0 Assess the energy situation. 

Understand where the ground is. 
a Use whatever authority is required of 
the flight controls. 
0 Maneuver the airplane to return to 
n o d  bank and pitch. 

These recovery concepts are central 
to any upset training. To help $lots de- 
velop a greater understanding of upset 
recovery procedures, the commercial 
aviation industry is developing m upset 
recovery training program. 1 training 
aid representing an industry :onscnsus 
on a core training program was sched- 
uled to be completed in second-quarter 
1998. 

It is anticipated that this training aid 
will be an important factor in enhancing 
aviation safety by reducing loss-of-con- 
trol events and h e  iccidents that may 

.) result from them 
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