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EXECUTIVE SUMMARY

The aviation community has achieved the lownadgblaneac- o
cident rate irhistory, althoughaccidentgollowing thefailure of
an engineor propeller systenduring takeoff, gearound and
accidentsduring training flights with an inopdiive engine
continue tohappenquite frequently. The conclusionn many e
accident investigation reports isither 'out of control or
‘inappropriatecrew response to propulsion system malfunction
Many publications were writteto prevent these kinds of d@ec
dents but mostreports andpapers deal with the early recognition
of propulsionsystemprobdems only. This report eveals theeal o
cause ofmany propulsion systemmalfunctionrelatedaccidents
and presents many recommendations to impro\atienisafety

Propulsion systemgnginesand/or propellers)are not 100%
perfect and may occasionally fail during takeaf®-around or
while enroute This is why nulti-engine airplaneare always e
designedo be able taontinue to fly safelywhenan engindails
or is inoperative The vertical tail is designed to heast big

The major conclusionsof this report are:

Pilots are not made aware tmanufacturers use a small bank
angle to design and dimension tregtical tailof their airplane
and to determin&/\c, and, hencethat this bank angleis a
conditionfor the listedVyca (@andderivedV,) to bevalid.

Many regulatoryparagraphsn FAR/ CS 23 &25 on takeoff
safety and on }ca do not take into accourhe adverse £
fects of many variabldactors, including bank anglen Vyca
and therewith orthe derivedV,. This has led to imperfect,
deficient,dangerous and even impossible reguints

Flight manual writerscopy these imperfect andincorrect
regulatory paragraphsinto their manuas; textbook authors
copytheminto their textbooks. Readerswill or might get an
inapproprate understading of the controllability of an ai-
planein the eventhatan engine is inoperative

The applicant for certificatiorof a multiengine airplanenay
select a bank angler determiningVyca; abankangle3 i 5
degreesaway from thenoperativeengineis commonlyused.

enough to generate the side force required to maintain straightlight Manuals publishhis Vyca andallow a maximum bank

flight down to a certain speethut while maintaining a small
bank angle During theexperimentaflight-test phase following
prototype production experimental flight test crews deteine,
besides otheoperationalimitations, that speed, which is called
the air minimum control speeV ca), for one or moreengine
out configurationsas well asa special type 0¥ yca for landing
(VmcL). Theflight testtechniques and procedurés beused are
pulished inflight test guide issued bythe Federal Aviation
Administration (FAA)or the Eurogan Aviation Safety Agency
(EASA), and in Miltary Specifications and Standanaisblished
by Air Forces These light test techniques require the use of
standardizedestconditions, like an aft center of gravity, lowest
possible weight, critical enginedperative andgeveralothersto
reduce the otherwise huge amount of datmiired todetermine
Vuca for all values of all variable factorthat have influence on
Vmca.
case, the highedt,ca for a certain confuration. This worst

angle of 59 in accordance with the definition in FAR and,CS
without specifying the approved direction of bankingow-
ever,theactualVyca varesconsiderably with bank angléf
an airline pilot does not maintain theamesmall bank angle
thatwasused to determin¥yc, while an engine is inopa¥
tive, then theactual Vyca is higherthan the listed/yca and
might easilyincreaseabove the indicated airspeedr (V,),
leading to an unconthable airplane at onceVca as well as
V, are aly valid andsafe if the same bank angle is applied
that was used to determiig,ca. Flight manuals daegreta-
bly not specify the selected bank angle an essentialer
quirement for being able to ma#in straight flight (maintain
control) following the failure of an engine and do r&gue
warnings for thisvital requirementbecause aule or regula-
tion to do sodoes not exist for the applicAmhanufaturer.

These standardized test conditions provide the worst The small bank anglis also used to deterne climb perfo-

mance after engine failure: it mightean the differenceeb

caseVyca is listed in flight manuals, as a single number or in tween life and death.
charts in which aitude, temperature and ground effect are often Somedepartureprocedures require bank angles up tod&s

the only variable factorsThis also simplifiescalculatingV yca

greesfor takeoff obstacle clearance noise abatement prec

by pilots before takeoff and again before landing (to be preparediures evenafterengine failure If the airspeed i¥yca Or V,,

for a gearound). However, there is onest conditionused
duringflight-testingthat hag may bei thegreaestinfluence on
thevalueof Vyca, thatis regrettably 'forgaen’ in FederalAvia- o
tion Regulations(FAR) and EASA Certification Specifications
(CS) and conequently in many airplane flight and operating
manuals as weks textbooks. Thisery influential variableon
Vueca is the bank angle. tb exclsion caused andill continue

to causemany accidents not only immediately afteengine
failure, but also duringhe remainder of thdlight following the
engine failure orduring training flightswith an inoperative
engine unless improvement@re madedo rules and regulations
and to flight nanuals

Part 25 airplanes use a takeoff safety sp&&gl to ensure a
safe catinuation of takeoff following the failure of an engin
V, is calculated &fore flight usingbothVy,ca andthe stall speed
(Vg) of the airplaneghat applies for the takeoff weight

Either V, or Vyca is always displayed in the direct field of
view of the pilots, either on(a electronig display, on a taleoff

this 15degree bank angle miglaiso lead toan immediate
loss of contralending the flight in @amity.

Much design efforhas beemmadeto display manycues and
alerts of approaching dangerousspieds andttitudes,etc
However, the perhaps mognportant cause of engine failure
related accidents never made it toi@udedin the design of
cockpit deplaysand aleling systemsmay be except for a few
airplane types Thereis no bank angle adsoty for keeping
the actual V\ca after engine failuréo a safe lowest possible
value,no warningof approaching thactual Vyca or of dee-
leraing below theactual takeoff safety speed Mn any ai-
plane yet. The underestimateget life-threateningncrease of
actualVyca if the bank angle eliates from the bank angle
used during flightesting M,ca, never made it to bcluded
appropriatelyin the design of displaywarningand alert sy-
tems. In addition,ayaw rate indication to early detect a thrust
asymmetry is no loger pesent on modern displaya; slow
moving heading scale has to be useddad.

and landing data card, on a placard or as a red radial line on thdany recommendationsare presenteéh the reportto im-

airspeed indicatoibecauseV/,ca and/ or \4 areof vital impor-

tance for maintaining control while an engine is inoperati@ograms, etc.
decrease the number ofulti-engineairplane accidents due to
engine failure.
prove the display and alerting systems with propge, andV,
cues and warning® assist the flight crew ipreventing cat-
straphic accidentsvhile an engine is ingerative

during taleoff, go-aroundandduring low speed flight.

This report, an initiative of Harry Horlings ofvioConsult,
thoroughly explaind/yca and most of the variables that iml
enceVyca and therewithV, and comments on existing regul
tions, flight manuals, textbooks and training programs.

prove regulatory paragraphs, flight manuals, textbooks, training

These improvements areanitefy requir@ to

Finally, recommendations are includednto i

y
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1. INTRODUCTION
The vertical fin and rudder of a mukthgine airplane areed

It is the objective of thiseportto answer thigjuestionby tho-
roughly explairing the effect of an inoperative engine on the

signed to counter the big asymmetrical yawing moment causggntrdlability of a multiengineairplanewhile in the air during

by the remaining engine(s) after engine failure. Tér@dynan-

takeoff and gearound ando present a fewdifferent options for

ic side force that can be generated by the vertical fin and ruddg@ntinuing the flight safelypringing down the engine failure
depends highly on the (square of the) airspeed. As the airspég@tedalrplane accident rateThe first vesionwas published in

decreases, the rudder deflection has to increase since the endi

thrust remains the samddowever,there are mechacal limits

Aviation Safety Magazine of theoffal NetherlandsAir
orcein 1999[3] and was written aftefour catastrophic ade

to the rudder deflection angle and the vertical fin is also limite@i€nts happened withoth propeller and turbofan rglanesafter
in size. So there must be a lower speed at which the vertical BR9ine failureswithin a short period of time Since thenthe
plus rudder generate just a high enough side force to counter @ghor reviewedeveralflight manuas, relevanttextsin mag-

asymnetrical thrust and maintain the headi

The designers of the vertical fin know that the size of the fi

and/ or rudder deflection can be reduced by banking a &w

grees away from the inoperative engine. FAR 23.149, 25.1

and equivalent allow a bank angle of imaxm 5 degrees.This
smal bank angle adds a component of thplane gross weight

as a side force to the othside forces that act on the airplane.

zines and onthe Irternet acddent reports and sections and
aragraphs out of FAR's and C8isthe subject of controllalil
after engine failure It was cacluded thatmost of these
blications were@mperfect, in many cases evércorrectand
ficient
For preparinghis report, USAF Test Pilot SchodIRS) tex-
books [4] were used including the USAF Report 'Procedures

Theweight and bank angle relatsitle force reduces the size of@nd analysis techniques fogtérminingVyca' [S], as well aghe

the vertical fin, which savemanufaturing cost Therefore, tre
vertical fin including rudder ofa multiengine airplaness de-
sighed and builto a size that generatpust a highenough side
force for maintaining straight flight aftemgine failure, while
banking a few, up tonaximumb5 degrees away from the inape

formal FAA and EASA Flight Test Guids [6], [7], [8]). To
avoid proprietary rights plbems, no airplane data was copied
from formal airplane flight manuals; instead, data resulting from
analysis usg theV\,ca prediction techniques taught at th@S

[9] were reworkedand used These are presented paper

ative enginedown to an airspeethat is lower than or equal to ‘Predicting the Effect of Bank Angle and Weight on the iMin

1.2 Vs.

mum Control Speed - of an Engineout Airplane [12].

From the engineering or hardware point of view, there is 1€ author believethatit is very importanthatmulti-engine
nothing wrong with this tail design approach, because it is ifft€d pilots, aviation authorities, accident invesiigrs and

accordance with the aviation regulation®uring flight, the

lowest airspeed for maintaining straight flight that was used f

designing the vertical tail can deviate from #hetualin-flight
value Therefore, e regulations requirBight-tests to be pe

textbook writers, etchave a gooknowledgeof the real value

Sf Vmca andV,, as wdl as of the variableghat have influence

on the value of Vyca. Most of thesevariable factors will be
discussedas will be the effecthereofon taleoff safety speed

formed to determine the airspeed below which straight tflighV2: A few 'secretsof flight-testingVyca as performed by exp

cannot be matainedafter engine failure During testing, the

rimental test pilots rad flight-test engneerswill be revealed

flight-test crewwould normallyuse the same bank angle thatSeveraimperfections andeficiencies iFFAR/ CS 23 and 25n
was used to design the vertical tallhe measuredowest speed flight manuas, in training manualsand in textbooks will be
for maintaining straight flight while banking the same banidiscussedand recommendations for improvement are included

angk as was used to design the vertical imalled the min
mum control speed in the ai¥(ca) andis to be published in
the Airplane Flight Manuads an operational lirration

The problem is that nobodgver told the airline pilotgyet)

about thetail design limitations which are in fact hardware

Finally, suggestions fomprovement ofprimary flight displays
are presented.

Although textand figuresmainly presentpropeller airplanes,
the theory also applies to turbofaquipped aplanes.

In this report minimum control speedheans directional mi

limitations and about thbank angle that needs to be applied foimum controlspeedin the air Lateral minimum control speed,
Vuca to be valid. Hence, fdots do not know that they should which is applicable to airplanes with powered lift devices or

maintain straight flightonly while also maintaining small bank
angle awayrbm the inoperative engine for thertreal fin to be

very big propellerswill not be discussed, nowill ground mn-
imum control speed/\cs. This reportis not applicable to

able to maintain the equilibrium of side forces and yawimg m multi-engine aiplanes with twdn-centerline enginesither.

ments, because this is neitheegaribed in the Airplane Flight

Manual nor included in the engine emency procedures. This 2,

is, to the opiion ofthe authorwhy accidents after engine Ifai
ure hapen. Pilots of Part 25 airplanes uakeoff safety speed
V5, and not \{,ca anymore However,V, is derived fromVyca
and stall speel/s, makingVyca important to all multiengine
pilots.

Vuea is in fact a sofvare fix for a hardware shortcoming
The significance of Vyca for the controllability of a multr
engineairplane after engine failureseemswell documented in
Federal Aviation Regulatia(FAR), EASA Certification Speie
fications (CS) and inflight manuad and textbooksbuti in fact
i itis not If theapplicableVyca and/or V, arereadily availa-
ble to pilotsbeforeeverytakeoff or gearound why do engine
failures or in-flight simulation or demonstrationof engine
failures duing training still turn into catastropheso ofter?
Many publications were written tanswer this question, but
most reports andpapers onlydiscussthe earlyrecognition of
engine problemdor instanceeference$l] and[2].

AIRPLANE CONTROL AFTER ENGINE FAILURE

For equilibrium flight, balance is equired ofthe forces and
moments(a noment= a forcex its momentarm) that acton an
airplane. This also applies after engine failuréhelift or force
that an aerodynamiairfoil produces can be gpressed with
equation¥spV?SG, in which p is theair density V is theair-
speedandS isthe surfacearea of theaerodynamic airfoil C,
doesnot only dpendon theshapeand other characteristicx
the aelodynamicairfoil, but also orits angle of attackx to the
incoming reldive air stream Airspeed V has a significant
(squared) influencen the generated lifir force The lift equa-
tion does not only apply tthorizontal airfoils, but also to ta
vertical fin and rudderln the figures presented belomgt all of
the forces and mmentsthat act on an airplanare shownand
the shownones are not to scaleThe power orthrust (T) of
engines depends on the engine charatitesj and mostly also
onair temperature, pressure altitude andpeed.
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Airplane Control after Engine Failure

After engine failure the power or thrustdistribution on the
airplane isno longer symnteical; the remaining forces and
moments that aabn the airplane are no longer in &ate(refer
to Figure1). The ssymmetri@l thrust (T)generates a yawing
moment (N) that if the airspeed is lovand the thrust is high
rapidly yaws the airplanethrough a large anglie the direction
of the failedor inoperativeengine The drag of the propeller of
the failed engne, unless feathered, adds to ttenametrical
thrust T.

A sideslipp developswhich increasethe drag(D) instana-
neously This drag has a side component,tedhich is not
shown infigure 1. The sdeslip generateside forceY that is
stabilizing because the momenri; that this force generates

\ tendsto return the nose of the
airplane back into the relative
wind (weathercock stability).
The sideslip also generates a
destabilzing side force T-sinf3
generatedby airflow bending
on all propeller dscsor turko-
fan inles, aslong asthe thrust
setting is high During bark-
ing, a commnent of the weight

force Wssin¢ in the center of
gravty.

On propeller airplanes, the
blown wing sectiorfs) behind
the propellefs) of the opera-
ing engings) produce more
propulsive lift than the other
wing, whichgenerates rolling
moment (L;) into the failedor
inopestive engine. The angle
of attack of the dowgoing

Figure 1. Motions after engine
failure T turboprop.

wing increases and may exceed

the stall angle of attack, causinpaftial) wing stall. Sideslip
also generates a rollingament L causedby blankingof a
wing, in this case the left wingnd by theelative wind blowing
under thehigh wing. The aymmetricalslipstream of the r
pdlers will also have effect on the rtieal fin as sideslip B
increases.

Turbofars mounted unde
neaththe wings(Figure 2) do
not produce propulsive lift.
The wings of these type of
airplane however generate a
bigger rolling moment_; due
to the sidalip, the dikedral
effect and thesweptwings.

Without appropriate crew

response to propulsion system NB+I.\I;Sr Y

malfunction, the rolling rotion

will continue wder infuence
of the dihedralof the wingsor,

on propeller aplanes under
influence of the aymmetrical
propulsive lift Ailerons might
not be effetive enough to
counteractthe rolling moment
if the airspeed is low then
spoilers might kick into assist.
This gereratesadditional drag

Figure 2. Motions after engine

failure i turbofan. reduced pdormance.

The side forces wilktart &-

celeratingand consequentldisplacingthe airplane to the dead
engine sidalong adescendindlight path in the diretion of the
low wing. Then theelative wind andideslip anglg} reverseto
the other sidand the wethercock stability will start taurn the
nose of the aplane to the ground This of course is just one
possible scenarioNevertheless, this actually took place during
severalacddens. The crew could notput an endo this out of
control situation bcausethe aerodynamiaontrol power of the
control sufaceswas not high enougtue to atoo low aispeed
andi even more impdanti because the crew wastrfamiliar
enough withcontrollability of the airplane after enginelfaie.

The pitching momenthangecaused by engine failure is
small and the elevatos idmensioned to be able to handle the
changeeasily.

After an engine failureduring takeoff or go-around big
changes in forces and moments occur due to the Isighree-
trical enginethrust andthe limited control power of the aerge
namic controlsurfacs a t | ow S)p &he desultiig ¢V
namics and motions can be veryleit. Motionswill continue
until a newbalance of forceand momentss estalished If the
airspeed and atude are both low, this might never happen
while the airplane istill in the air. Turbofans after failure take
longer to spool down, sthe d/namics ofengine failure might

W of the airplane acts as side not be as violent athe dynamics after engine failure tfrbo-

props In any engine failure casthe crew response tapropu-
sion system malfunctiomust berapidand appopriate

2.1. Recovery

To recover tosteady straight and controlldlight, first the
airplane motion must be arrested as soon aslgess prevent
an uncontrollableattitudefrom developng. The controls avhi
able to the pilotdor recoveryare aeodynamic controlslike
rudder, ailerons and elevatdout also propusive directional
cortrols: the throttlesor power levers A rudderis normally
sizedi andon big airplanesoostedi to be able toprovide
enoughcontrol power tocouneractthe yawng motionsgene-
atedby ssymmetricalenginethrustafterone or twoengines fail
on the same wingdown to a certairminimum controlspeed
Ailerons have small control power undew speedconditions
too, but are- on some aplanes- assised by powerful spoilers.
All pilots are awarghoughthat thedownward deflectiorof an
aileronincreases the local angle of attarfkthe wing section in
front of thataileron which? if the arspeed is lovi might lead
to a partial wingstall that cautsesan uncommanded rglivhich
further deteriorates an already criticaindition Aileron deflec-
tion alsogeneratesadverse yawand additionaldrag that both
increase the asymmetrical thrust momptas well.

The moments needed for rexewy after egine failure are a
yawingmoment N equal to and opgite of aymmetricalthrust
moment N andalsoa rolling noment L.
The side force due to ruddesfléction
Ys can provide a yawing moment N,
thatadds to theyawing momentNg due
to sideforce Y (that normally provides
the weathercock stabilify The ruddeiis the only aesdynamic
control available tobalance or counteradtl;. The ailerons
(supported by spoilersire usedo balance the propsive lift
momentL andtherolling momentue to siddip L.

If the aerodynamic contrgdoweris insufficient to recover to
a safe equilibrium under highsammetricalthrust conditions
then the airspeed iselow the actual minimum control speed
Normally the elevatofpitch control)is used toadjust the flght
pathand therewitho increase the airspeed as requirefbwev-
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and deteriorates the already €. if the airplane is just after liftoff anditill close to the ground

this might not be an optionlf rudder andor ailerons are not
effective enough tprovide the control power needéat recov-
ery, then he only option left is talecreasehe problemcausing
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