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General

During 1943 and early 1964, a series of turbulence
assoclated upsets ceccurred in civil end milltary
Jet transport operations. The following factors
were common to a number of the upset cases!

~ Control wss lost in turbulent sir conditions.

- Unusually high pitch attitudes preceded a dive
at hizh speed.

— The dives involved speeds in excess of 460K IAS
at steep nose down attitudes,

- Successful recoveries were made only after vis-
ual outside reference wss established.

- Recovery efforts were complicated by high ele-
vator forces snd stalling of the stablliger
drive actuator.
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FIGURE | - JET TRANSPORT UPSETS

Figare 1 shows altitude versus time pleots from
fliznt recerder infermotion in two such unset
cases., In both cases, minimum and meximun speeds
were nearly identiczl at opproximately 213K and
4758 TAS. In Zeee A structural failure cccurred at
low altitude seconds vefore impact. In Case B a
sucecessful recovery wns made at aptroximately
12,000" and no structural damsze occurred, Flight
pathg i Loin cases were nearly identical dowm to
the point at whicn struectural failure cccurred in
Cose A.

Investizstion Of The Problem

Intensive stulies of the turbulence probvlem have
been nade, particularly of the factors inveolved in
Cases 4 and 3 of Fizure 1 above. In addition to
the ueual investizative activities, the studies
have included analyses of flight recorder records
and flight crew statements, computer simulation
studies, human centrifuge tests, flight tests, and
other efforts etill continuing. Though these ac-
tivities have not pinpointed & specific cause of
the upsets, they have led to better understanding
of the problems of operating jet transport alr-

planes in areas of turbulence, The followlng fac-
tors have been particularly highlighted:

- Attitude indicator resdability and interpreta-
tion.

- Turbulence penetration speeds.

-~ Control problems,

Attitude Indicator Readability
And Intervretztion

Since many of the cases invelved unusual attitudes,
indicator resadsbility and interpretstion in unusu-
al attitudes was reevsluated. 4 typlesl contempo-
rary attitude indicator 1s shown in Flgure 2.

FIGURE 2 CONTEMPORARY ATTITUDE IEDICATOR

_The pilot maintains the airplane level in pitch and
r6ll by keeping the symbol airplene "on! and paral-
lel to the horlzon bar. The roll reference polnter
at the top of the indilcator furnishes an additional
roll attitude reference. This pointer always roints
at the sky and is thus sowetimes called the 'sky
pointer?. The lateral direction in which it points
is thre direction in which control iaput must be
made to return to wings-level flight. In this
ugage the "sky pointer' is a command index.

As the airvlane deviates from a level pitch atti-
tude, the vertical distance between the reference
airplanre snd the horizon tar increases, msking roll
attltude more diffieult to visualize. At extreme
piteh attitudes, the herlzen bar may discppear be-
hind its surrounding mask leaving only the 'sky
pointer® for roll reference. Since the horizon bar
ie the primery attitude reference, the picture of
rell attitude becomes less clear at extreme pitch
attitudes. This factor is evident in Figure 3 in
which the alrplane is in 2 wings-level climb at a
500 tody attitude.
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FIGURE 3 CONTENPORARY ATTITUDE INDICATOR, STHEP
CLIME ATTITUDE

Figure 4 snows sn experinentally modified indicator
in the same ottitude as that of Flgure 3.

PIGURE & YCDIFIED ATTITUDE INDICATOR, STWEF
CLIMB ATTITUDE

Hote thot the increased span of the piteh markings
improves the roll picture when the horizen bar is
out of view. The commnnd word "PUSHY indicates the
proper control input reguired and the closely
spaced horizontal lines form a warning that an unu-
sually high piteh attitude exists. The word YFUSH
2nd sssociated werning lines do not appear until
the maximum nobmal pitch ottitudes are exceeded. A
similar warbing srea with the word "PULLM sppears
when the maximum normal nose down pitch attitudes
are exceeded.

In unusually nose-hlgh and nose-low attitudes, some
contemporary indicators make use of the words
NCLIMB" and "DIVE"'. In extreme attitudes such as
inverted flight, the word "CLIMB' {or "PUSH' or
HUPY) may not be correct and some say thlg is rea-
son t¢ aveld the use of words altogether. No
single word will be entirely correct for such atti-
tudes unless some universal one such as "HESIP! is
used, Use of "CLIMB! and "DIVE" or other suitable
words is justified since they should clearly help
the pilot prevent extreme attitudes developing.
Prevention of an extreme attitude seems the pre-
ferred alternative, TFurther, most present day
gyrofattitude indicator corbinations cause the in-
dleator to rotate 1B0° in roll when the alrplane
approaches vertical pitch attitudes so that basic
indicator infermation will be correct when the air-
plane is inverted. This process inverts the wordd
W3LIMEY gnd "DIVEY while the airplsne is inverted.
When the words are inverted they are egsentially
unreadable, and in this sense do not give incorrect
information.

Figure 5 shows the "old" attitude indicater slong-
slde the experimentally modifled indleator in
gseveral esttitudes.

fig 5
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FIGURE 5 ORIGINAL AND MODIFIED ATTITUDE INDICATORS
IN VARICUS AIRPLANE ATTITUDES

Tote in Pigure 50, for example, these features!

— The worde "FULL" snd the closely spaced warn-
ingz lines indicate that an umnsgually steep nose
down attitude exlsts.

—~ The word "PULLY calls for the correct recovery
piteh input.

- The "sky pointer ¢alls for the correct recov—
ery roll input.

In the experimental indicator, the "sky' is a
bright blue while the "earthl is black with per-
spective 1ines. The perspective or "section line™
presentation gives a more reslistic "earth! pictura
A proposed revision moves the radisting perspective
fearth" lines to the 15 and 30° roll positions.
This improves the perspective pleture and gives a
convenient banlk angle reference at the normal
maneuvering values.

Turbulence Penetration Speeds

Turbulence penetraticn speeds are a product of two
mein considerstions. The chesen speed must be high
encugh to protect against a sust induced stall, yet
low enouvgh to protect agzeinst excesslve structural
loads., PFigure 6 shows factors of significance in
the cholce of turbulent air penetration speeds.
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FIGURE 6 SIGNIFICANT SPEEDS - SEVERE TURBULENCE

The original recommended turbulent sir penetration
speed envelope for & typical Jet transport is de-
fined by the "hourglass" figure (Lines ARG, DEF) in
Figure 6. Although the hourglass curve 1s no
longer in effect, it bears discussing becsuse of
itg influence on the cholce of earlier turbulence
penetration speeds.



The minimum gpeed, Line ABC, 1s that at which the
alrplane will stall if it encounters the design
gust, Line CB indicates, as it should, an increase
in stall speed with altitude up to 20,000'. The
decrease in gnst value allowed for design purposes
-—66 fps MSL to 20,000' decreasing linearly to

38 fps at 50,000'--accounts for the spparent wrong
way bend in Line ABC at 2G,00G'. Siall speed in
gusts would continue t¢ increase as shown by Line
BI if the design gust value was not reduced abvove
20,000°'.

Use of speeds to the left of Line ABC would obvi-
ously be unwlse since a stall and loss cf control
would be a certainty 1if the design gust was en-
countered. And the stall, of course, 1s not the
only conslderation near the low speed end of the
range.

Line DEF, the right side of the hourglass curve,
defines the sreed at which the design limit load
factor would be reached if the design gust was en-
countered. The sirplane con withstand the design
gust at speed Vpp and still have substantial
strength margins. Since speed Vypn is well above
that defined by Line DEF, the latter should not be
thought of as the speed at which the alrplane would
te near structural difficulties if the design gust
was encountered.

Based on the old penetration speed envelope (Lines
ABC, IEF) a mid-range speed (Line GH) might seem a
good cholce. At speeds not far belew this wvalue,
however, the alrplane will be on or near the back
side of the thrust reguired curve. Corrective
thrust and longitudinal trim adjustments in thls
range will be relatively large and the alrplane
will be more difficult to control. At high alti-
tude, if the alrplane is allowed to get very far
to the left of the bottom of the thrust required
curve, a large less in altitude may e inevitable
if adequate speed and contrel are to Ye regained
even in perfectly smooth ailr,

The airplane's response to gusts will be greatest
at the lower speeds snd this will 2lso complicate
control. Choice of the mid-range speed (GH) be~
comes even less nppealing at the higher altitudes.
Since gusts often do not decrease in intensity
above 20,0C0C', Line BI represents a more realistic
minimum speed value at the higher altitudes.

These factoers, plus the fact that strength margins
exist beyond V0 for encounters with the design
gust, suggest use of a speed near the high speed
line of the hourglass envelope. The gpeed defined
by Line JK will provide adeguate stall and control
marging while still preserving large strength
margins.

While & constant indicated airspeed 1z used at low
end intermediste altitudes, a constant Mach number
should be used at %the higher altitudes. The
changeover from IAS to Mach will occur at about
34,000' for most contemporary jet transports. The
specific changeover altitude depends con the shape
of the buffet boundary curve for the airplane in-
volved. As load fector and/er welght increase,
the buffet boundary curves pull down along a con-
stant Mach line as in Flgure 7. The Mach number
that goes through the peak of the curves is the
one speed that glves the greatest mergin to both
low and high speed buffet onset.
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The recommended turbulent alir penetration speed is
a congtant Indlcated airspeed from gea level up to
the intersection of the constant Mach number line.
Above thiz altitude, the Mach number line thet

goes through the peak of the buffet boundary curves
is uged. 1t 1s important %o note that these are
recommended and not limiting speeds. And as be-
tween the two, it is perhgps better tc be on the
high gide than on the low.

Control Problems

Elevator Forces

In Case B of Pigure 1 above, the flight crew re-
rorted that, in the high speed dive, they pulled as
hard as they could, and though the elevater column
moved somewhat, there was no corresponding responge
of the sirplane. Unususlly heavy forces are char-
acteristic of flight et such extreme speeds, and
column movement without alrplane response wag no
doubt due to cable stretch and aerolasticity ef-
fecte, Inasmuch as these effects cannct be demon—
strated in training, it is nc wonder they are
surprising to the pilot whe may experience them
only once ir p lifetime., Such effects can compli-
cate recovery efforts when upgets do oceur.

Stabllizer Drive Stall

If sufficient mistrim exists, it is possible for
resulting aercdynamic loads to exceed the drive
capability of the stabilizer actuater. Mistrim
will occur in event of a trim runaway although &
runaway i¢ an unlikely pessibility. Mistrim ig
nore provable if trimming is attempled in severe
turbulence. Proper trim is normally establighed
by trimming to a zero stick force reference, In
the rapidly changing conditlions of severe turbu-
lence, no stable stick force reference is avail-
able snd trimming attempts are likely to result in
mistrim,

Once mistrim exists, gome of the elevator's piich-
ing moment contribution must go to oppose the
pitching moment developed by the mistrimmed stabi-
lizer, This will have several adverse effects.
First, some of the available slevator capability
goes to oppose the mistrimmed stabllizer and less
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is left to counter sny adverse gust-induced piteh-
ing motions. Second, elevator forces will be
increased and may complicate recovery from a high
speed dive. Third, and perhaps most significant,
whenever the elevator opposes the stabilizer, the
aerodynamic load on the stabilizer may reach a
level that is impossible for the trim actuator to
avercome,

If, for example, nose down trim is used to counter
the airplane's pitch up response to & vertical
draft, the airplane will pitch down more sharply
when the draft reverses in direction. ZElevator
will be used to counter the pltch dowm motion, and
the resulting aercdynamic load may be sufficient
to stall the stabilizer actuator. As speed in-
creases, the adverse effects increase, and the ele-
vator may hove insufficlent effect to counter the
noge down forces of the draft and the mistrimmed
stabillzer. It is obvious that tuck effects may
alse complicate the picture, and 3t is significant
that tuck effects cannot be countered by a Mach’
trim system that is unable to move the stabilirzer.
But a gtebillzer trim system that is mechanically
normal will drive out of such an adverse trim
situstion if the pilot applied elevator column
forces are reduced. A happy clrecumstance.

An increase In actuator drlve power seems a good
thing at first look but 1s not necesssrily feasibla
A system powerful enough to drive regardless of
aerodynanic loads may well have the capability of
imposing destructive stresses if s trim runawsy
should occur at high speeds. The power of the
drive system, like so many other things, must be a
compromise, '

Control Cuesg

To fly the alrplane properly in gevere turbulence,
keep it level. fThe best way to keep it level?
Fly the attitude indlcator. Obvious? Of course.
Simple? By no means. Many things complicate the
task.

To fly straight and level the pilot must control
rell, pitch and yaw. A wings-level airplane re-
siste turning, and "straight and level' beccmes
esgentlally a twe, rather than three, element
task~-the conttol of roll and pitch. OF the two.
pltch contrcl problems predominate in severe tur—
bulence. Upsets in the pitching plane, both small
and large, aré more common than upsets in roll,
especially on instruments. It is inferesting to
speculate why.

Only one instrument furnishes roll sttitude infor-
mation. And it tells the truth. When the alrplane
rolls, the attitude indicator pletures it faith-
fully and essentlally without error. Not so the
pilot's pitch references.

Piteh references? The trouble may be that he has
too many ! Five cockpit indications respond to
alrplane pitch changes and are interpreted directly
‘or indirectly as pitch indicaters. Pitch clues
come to the pilot from:

- The attitude indicator.
-~ The altimeter.
-~ The vertical speed indicator.

- The airspeed indlcator. *
~ Load factor changes.

Cf these, only the sttitude indicator tells the
ritch story truthfully ir turbulence.

Jump neow from turbulence to smooth eir. In nearly
all flight regimes, the above "pitch indicators”
respond to alrplane piich changes 28 indlcated in
TABLE I.

TARLE I here

The pilet spends thoussnds of rhours consclously and
unconsclously seeing and using the indications of
TABIE I, Since all resvond to pitch changes they
tell him something about his pitch attitude.

A normal flight usually involves 2 constant sirspeed
celimb, a constant altitude crvice segment, ond a
constant airspeed descent. In each of these seg-
ments, an indicstor that 1s not truly 2 piteh indi-
cator is uged ss the basig for piteh centrol invuts.

In 4he normal climb, the desired serodynamic and
other reguirements are satisfied by s constant air-
speed. Since the climb is slso normally made with
an essentially fixed thrust lever setting, the
resulting pitch attitude changes with altitude.
Constant airspeed is the requirement and it cennot
be satisfied by a constant piteh attitude. Pitech
coentrol inputs are made as g direct resvlt of air-
speed changes and the attitude irdicstor assumes a
supporting rele, The ssme is true of the descent.
The net result over countless hours of flight ex-
perience ig that the airspeed indicstor becomes a
powerful influence on the pilet's control of pitch.
An airspeed indicator that moves rapidly toward the
lower levels, for example, will cell forth a strong
pilot elevator input,

Constant sltitude cruise puts the altimeter ''in
command’. The present day traffic control environ-
ment makes a constant altitude mandstory. 4And
since a constant gltitude cannot be maintained by
uge of the attitude indicator alene, pitch control
inputs are made as a result of movement of the
altimeter needle. Again the sttitude indicatoer
agsumes » supporting rele. And again manhy hoursg
spent in constant altitude crulse, plus the strin-
gent sltitude requiremernts of inatrument flight,
result in the pilot resronding te "piteh! indica-
tions from the altimeter. Constent attitude cruise
might well be superler to constant altitude eruise,
but 1t does not fit today's traffic control piec-
ture.

Consider this:

1. An airplane thet is pointed up will go up.
2. An girplane that is going up must be pointed
up.

It seems quite right. If not aerodynsmically cor-
rect, it seems 1t ought to be. It is a curious
thing, but the concept of items 1. and Z. spparent-
ly is s strong influence on the pilot's thoughts

* In the interest of simplification--and since its
pltch indieating influence 1s vrobably weak--the
Machmeter is left out of this discussion.



and actions.
it seems that it must be pointing up.
will insist that an airplane pitches up in an up-—
draft and down in a downdraft, but the reverse is
true.

If the alrplane rises in an updraft
Many pilots

Turbulence is not made up of verticsl drafis alone.
They may come at the alrplane from any directlon
snd the airplane's response depends on the direc-
tion from whieh the draft comes. TFor drafts in the
XZ (pliching) plene only, the airplane responds as
shown in TABLE II, and the five Ypiteh indicators”
of TABLE I react as indicated.

PABLE II here

Assuming that the pilot's control inputs are in-
fluenced by all five of the "pitch indicators' of
TABLE IX, the commands esch will call forth will
normally be as shown in TABLE III.

TABLE I1I1 here

The attitude indicator calls for a correct control
input; the other "pitch indicators" 1lie to the pi-
lot in varying patterns and degrees. The heavy
boxes indicate the piteh commands that are re-
versed. Over half tell the pilot to PULL when he
should FUSH, or wvice versa.

We do not know how strengly wrong way pltch clues
may be influencing the pllot, and it is a difficult
thing to measure. Tests conducted on "g! chairs,

a human centrifuge, and in flight tend to indicate
that reversed pitch control inputs are being made
under conditlons where severe turbuletice effects
care simulated. Further studies and tests are
plsnned to learn more about the phenomenon.

For the sake of exploring further, sssume that esch
of the five "pitch indicsiors’ has an exactly equal
influence on the pilot. ¥For six of the eight draft
directions (TABL® III, Drafts 2,3,4,6,7,8—the up
and down drafts), three or more of the five 'pitch
indieators! tell the pilot to do the wrong thing.
It is doubtless faulty to assume an equal influence
for each of the filve indicators) one will have more
or less impact than the next. It seems that the
attitude indicator should carry the most weight,
tut do we Xnow that a PULL "command! from the
attitude indicator will override the wrong way PUSH
from two and perhaps three other indicators?

17 wrong way cenirel inpute are in fact being made
25 2 result of the above phenomenon, what can be
done about it? Although further studles and tests
will better egquip us to answer, two cpernticnal
approaches are evident now.

1. In severe turbulence FLY THE ATTITUDE INDICA-
TOR =nd igznore pitch elues from other scurces.

Wow this is ¢1d stuff but it has new immlicatlons.
It seems » radiesl thing to say, but it may be wise
to cover up 21l "piteh indicetors! excevt the
sttitude indicator! Ko matter how rmuch a vilot may
believe he is ignoring the false pltch clues, we
think they are influencing him more than he Fnows
or intends. Wher the altinmeter, in thousands of
hours of eruising flight, tells the pilot to PUSH
when 1t increases, can end will he ignore the sanme
influence in the relatively few minutes he ie apt
to spend in severe turbulence? Under stress a
nermal human being reverts tc habit. Covering up

(:EEESEEEBT"HES”IEEt contrel of & Jet transport in
turbulence. We kriow of Bevéeral cases whETE the - -

the altimeter, alrspeed, and vertical speed indica-

tors is too radical an approach to sericusly recom-

mend, but if the felse pitch clue phenomenon is

real, it just might be the lesser of two evils.

And it might not be so radicel at that., If thrust

ig get for level flight at turbulent air penetra- : I
tion speed (then left slone), even in gevere
turbulence the pirspeed and altitude will remsin
within safe merodynemic limits 1if the attitude for
level flight is maintained reasonably constant,

The pilot handling the controls would be insulated
from the false pitch cluea, while the other pilot's
uncovered indicators could he wmonitored for zross
airspeed and altitude changes.

2. In gevere turbulence USE THE AUTCPILOT.

The autopilot is not fooled by false pitch clues.
And it has other advantages.

The autcpilot is calm and dispassiconste and unaf-
feeted by stressy the human pilot is not., The
sutopilot does not get tired. It is as fresh and
efficient at the end of a long flight as it was at
the start. Not so the human pilot. Dust dislodged
by negetive "g" forces does not get in the suto-
pilot's eyes. When the instrument panel shakes so
the instrumentg are unreadsble, the sutopilot could
care less. The autopilot is not subjfect to nystag-
mas. The autopllot is safely force limited in cne
fashion or another. [The autorilct sees every at-
titude displacement and makes & corrective control
input the instant it happens. The human pilot can-
not., When the autopilot cerrles all the conirel
load, the human pilot is free to moniter. It isg
far essler to monltor thsn.it is itc do everything.
It is alsc safer. 'We find no cage where a medern

homEn pildf/has lost eontrol. We know of at least
one case where the pilot firmly believes the alr-
plane was gaved by use of the autopilet in severe
turbulence.

There are cantions of course. Some installations
incorporate an automatic cutoff sirceuit (ACO) that
responds to lead factor when it increases above a
certain level. With such circult 1t may not be
feagible to use the autopilet 1n severe turbulence.
Cnly a small percentage of ceommercial jJet auntopilot
installations have an ACO circuit, however, and it
is possible to disconnect it. It is possible for
the autepilot to mistrim the alrplane ir severe
turbulence if the requirement for z pitch input
exists for a long period. This brings perhaps the
most important caution: Monitor the trim indicater
during sutopilot operation to te sure it does not
depart far from the trim point. If it does, it can
readily be disconnected. An inadvertent disconnect
or faiiure of the autopilot in severe turbulence
wouil be undesirable and the cperation must be
monitored to gusrd agzainst any adverse consequences
of such an occurrence. And so it is with any use-
ful device-—-1it must be monitored or its failure can
poge difficulties.

If the autopilot is used in turbulence, it is
probably best to leave the altitude hold control
QT¥F. But even this old rule mry be guestioned.
Some actual turbulence penetration experience sug-
gests thot it may be best to use altitude held, and
certain other things tend te suppert its usagze.

But until more is know, it is best to leave the
altitude khold CFF.

/



The false pitch clue phenomenon ig only a theory
at this time. A pumber of things indicate that it
may be an important contributor to the turbulence
upset problem. TFurther tests are planned to prove
or disprove the theory. Meanwhile it 1e inter-
esting food for thought.




Table I Response Of Cockpit Plich Indications Yo Airplane Pitch Ghanges

Airplane Attitude Altimeter Vertical Speed  Air speed Load Facte
‘Piteh Change Indicater Indication Indication Indicatlon Chazge
Pitches nose up Fitchen up Increases Climb Decreases Increases
FPitehes ncge down Pitches dcwn Decreases Descent Increases Decreases

| Table I1 Airplane Response To Steady State Drafts In The Pitching Plane

YPiteh Indicators!

~J .

Diraft Vertical Losd

Dir- Airplene's Attituge Altimeter Speed Alirspeed Factor

e¢tion Fitch Response Iandicator Indication® Indication® Indication® Change
1 Fitches up Pitches up Increases Climb Increases Inereaces
-4 Pitches up Pitches up Decreases Descent Decreases Decreases
3 Pitches up Pitches up Decreases Descent Decreases Decreases
4 Fitches up Filtches up Decreases Descent Decreases Decreases
2 Pitches dowe Fitches down Decreases Descent Decreases Decreases
[ Pitches down Pitches dowr Increases Climb Decreases’ Increases
? Pitches down Pitches down Incresses Climb Inereases Increases
8 Pitches down Titches down Increases Giimb Increases Increases

& The response shown for the altimeter, vertical gpeed, and airspeed indiecators
. assumes that pressure changes are consigtent with steady state drafts, and
iignores short period changes due to random presswure changes.

0 fecreases ini tially, then inereases.

L

Tabvle 111 ZElevator input "Commanded" By Cockpit Piteh Indicators

Pitch Command Response

D;f:—t Airplane's Attitude Altimeter Vertical Speed Airspeed -Load Tactoer
ection TFitch Hesponse Indicator Indicator Irdicator Indicator Chenge®
1 Pitches up PUSH PUSE PUSH FUSE
2 Pitches up PUSH [Pur ] [Pt} FUSH
3 Pitches up FUSH (ULt | {ruzz | PUSE
Pitches up PUSE [ P | EEA PUSH
5 Pitches down FULL PULL | FULL FUSH PULL
6 Pitches dewn PULL [ FusE | ['zusE | [ usk | FUSH
7 Pitches down PULL PULL
g Pitehes down FULL [(Fust | [Fusa | PULL BUSH

& sssumes tha} changee in load factor will call forth a contrel input that tends
to restore normal 1 "zg¥ conditicns. There are reasons to believe that,
particularly under negative "g" conditions, this may not zlweys be so.



