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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

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

Wosin' ‘ﬁT-SinB if the airspeed is low then
'Sin ¢ VW spoilers might kick into assist.

This gereratesadditional drag

Figure 2. Motions after engine

failure i turbofan. reduced pdormance.

The side forces wilktart &-

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

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-

A Y
* 6

r

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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asymmetricayawing momentN; androlling momentL;. This
can beachievedby partly closing the throttl®f the engine
opposite of the failedr inoperativeengineto reducethe aym-
metricalthrust momerg N, andpropulsive liftL; to alevel that
is equal to orlower thanthe aerodynamicmomens that are
being generated by ruddé€N;, ), vertical fin (N;) and aileronst
that veryinstant(and speed) The throttle of the opposiengine
has very big control power becausdétcreasgor evennulls the
asymmetrical yawing momenton the airplaneand decreases
propulsive liftLy. Of coursethis propulsive contrélaggravates
an already critical performance problerie overall pefor-
manceis decreasé for a while (until control is regained Nev-
erthelesscontrollability is more vital to survival than perfo
mance, esgially if the altitude is low duringakeoff or ge
around; awingtip hitting the groundirst causes moreérouble
than a wingdevel larding in the dirt.

The required control inputs ithe roll and yaw agrs to stop
the dynamicor transientmotions after engine failure and return
to stabilized flightwill be bigger than for maintaining equil
brium straightflight. Therefore, botha static anda dynamic
Vuea (transienteffecty are determined dring experimetal
flight-tess. Thesdlight-tess will be briefly describedlaterin
thisreport(8 4).

Usingthe explanation presented abose,engine emergency
proceduredor recoverycan be drafted to establish straight flight
following the failure of arengineduring takeoff or gearound
This procedure is applicable & multi-engine aiplanes

o |dentify which engine failede.g.dead leg¢ dead @gine);
e Apply both rudderand aileron away from the inopetive
engineto recover to straight flight

Increasethruston remaining engine($p maxmum availa-
ble (takeoff) thrust

Note If rudder andlor ailerors do not generate enough
control power ér recovery,redu@ the opposite throttle
temporarilyas much as requirggropulsive cotrol);
Increasenirspeedisingpitch contro] if feasible to the best
single enginerate of climbVyge or to the best angle of
climb speed/ysg, or totakeoff safetyspeedv,, etc.

In 85, after thoroughly describing the effects of an inaper
tive engineon the controllability of an airplan¢his emergency
procedure will beimprovedwith a life saving addition In the
paragraphs to followseveral options for straight flight after
engine failure will be discussed.

2.2. Straight flight after engine failure

After recovery,manycombinations of rudder and aileronfde
lections are possiblethat will achieve balance of lateral and
directional forces ah moments for aafestraight(equilibrium)
flight. Three combinations ooptions that are most relevant to
takeoff andgo-around will be discussed A fourth option,
straight flightwith no rudder inputis presented for refence
purposes only.

The opions to be dicussed are:

1. Straight flightwith wings level(bank anglep = 0°), which
is easy to fly with outsideeferenceor by using theattitude
display on theprimaryflight display

2. Straight flightwith zero sideslip ¢ =0°), because in this
case lhe drag isas low agpossible andencethe effect of
an inoperativeengine on airplane performancemiimal;

3. Straight flight for certification (¢ = 5°, or the number of
degrees specified by the applicaamtyay from the inoper
tive enging, which is alsothe equilibriumof lateral and d
rectional forces and momenisedto determinéVyca dur-
ing experimentaflight-teding;

4. Straight flightwith zero rudde(s, = 0).

2.2.1. Straight flight with wings level (¢ = 0°)

In the accompanyingigures below, not all forceand no-
ments that act on an airplane are showity the most important
ones.

After failure ofthe left hancengine(#1) on our sample muki
engine airplanethe asymmetricalthrust T of engine #2jere-
rates a yawing moment N
about the enter of grauy that
can be balancednly by a
yawing moment N, generated
by rudder side force ¥ (§ 2.1).
However, Y5 also causes
sideward acderation and
hencea sideslip builtup. This
sideslip B geneates a side
force Y opposite 6 Y, aside
force T-sinp and a side can-
ponent of the drag, that all
decreas¢he sideward accelar
tion. However the yawing
moment Ny generated by Y
awments the asymmetrical
thrust momeniNy. Therefore,
rudder deflection needs to be
increased to cownteract this
moment as well  Aileron
deflectiond, not onlygenerates
a rolling moment k, to coune-
ract the propulsive lift momentL, but also an adversawing
moment N, for which also additional rudder deflection is-r
quired to compensate forOn tubofanequipped airplaneshé
deflection of ailerons might be ffiterent from the deflection in
the figures, because turbofans do natagate propulsive lift.

With the wingskept level, the only side force availabl®
achieveabalance of forceis theside force due to sidesli.

ge

Figure 3. Straight flight with
wings level.

As airspeeds decreasd, Y decreases (cirol power of the
vertical fin
tion is neededo increaseY ; again andachieve a balance afide
forcesand yawing romentsfor straght flight with wings level.

The airpeed can be decreased uettherone or moreof the
following limitations are met, both with the trims at normal
setting

¢ Rudderdeflection is madmum and pdal force is 150 Ib
(667 N) or 180Ib (FAR/CS andmilitary requiremens, re-
spectively);

¢ Aileron force is25 Ib and deflection is maknum or 75%
throw (FAR/ CS andnilitary requirementrespectively.

Below this airspeed,straight flight cannot be maintained
Therefore,this airspeeds the actual air minimum control
speedVyca for flight with the wings level. 'Actual Viyca' in
this reportmeansthe real and instantaneol4,ca in theactual
configurationwith the actual values of allariablefactors that
influence Vyca and not the worst casef the valuesused ©
detamine theVyca that is published in flight manualsThese
variablefactors and their worst case valuasll be discussed in
detail in§ 3.

Conclusion. Straighti equilibrium?7 flight following engine
failure while the wings are keptlevel requiresa sideslip angle
anddeflection ofboth rudder and aileroto balance forceand
moments

The disadvantage of thisteral and directionabalance of
forces and moments thedraggeneated by thesideslip, which
decrease<limb performance. Furthermoredue tothe sideslip
anglef, the prop wash ofhe innerengine of a 4 or moreen-
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gine arplane €2 or #3) mightdisturb the airflow around the

vertical fin, affecing the local angle of attacknd hencein-
fluendng the maxmum obtainableruddercontrol power The
stall characteristics areegraded as well

Although a good and easy to fyraight flightwith thewings
level can be achieved sideslip is required. hE dragis not as
low as possibléo achieve maximum takefoperformance As
an exanple the sideslipangle required fostraight flightduring
testinga small twinengine airplanén a certain configuration
with an inoperative enginendlevel wingswas 14 dgrees.

2.2.2. Straight flight with zero sideslip (B = 0°)

If sideslipp is zero,there will be ncside forcedue to sideslip
(Yp). As explained in the previous paragragfesides rudder

and aileron deflection to balance the asymmetrical thrust m

mentsN; and L+, anotherside force isdefinitely requiredfor

straight flight to balance ige force Y; and prevent the airplane

from sliding to the dead engine sid&@his forcecan easily be
geneated.

When an airplane isanking,
a component ofthe weight
vector acts as side forcm the
center of gravity(82). This
side force Wsin¢ canalso be
usedto replaceY and achieve
straight flight after exgine
failure. It generates no rolling
or yawing momentsbecause
this forceacts in the center of
gravity (the moment arm is
zerg. Side fore W-sing
varies obviously with weight
(W) and bank anglé), actsin
the direction of baking andis
zero if the wings are level
(sin0°=0).

In Figure4, bank angle) is a
few degreesaway from the
inoperative engine  which
generatesa side force Wsin ¢
oppositeof Y, asis requiredfor thebdance oftheside forces

&

Figure 4. Straight flight with
zero sideslip.

In this zero sideslicase the ruddersideforce Y, only has to
generate a moment for batamg Nt and N, (adverse yawand
does nohave to overcome grand the other side forceselto3
as well soless rudder defigion d, is requiredas compared to
straight flight with wings level of the previous paragraph
Therefore, theairspeed cambe further decreased untlgainthe
rudder and or aileronlimitations are reached that weristed in
the previous pagraph.

The speed at which this happedrsthe actuakir minimum
control speed/yca for straight flightwith zero sideslipn the
given configuration Flight-testinghas shown that gavorable
bank angle ofonly 3 — 5 degreesaway from the inoperative
enginegenerates side forceW-sin¢ that isbig enough to e-
place Y; andthe other side forces die B. W-sin ¢ generates
no side fectssince it acts in the center of gravitfhe ball of
the slip indicator is in this case abichalf a ball width to the
right (into the good egine).

An example: he actualVca of a small twinengine airplane
in a certain configuratiomluring testingdecreasedrom 58 kt
with the wings level to approximately 53 kttvia favorable
bank angle B5°. This small bank angladds 5kt or 10% of
'safety’. As will be shown later, the decreasfeactualV y,ca Will
be much higher on biggerrplanes.

Conclusion Actual Vyca during straighti equilibrium i
flight with zero sideslip is lower thaactualVyca with wings
level, leading to the conclusion thahe margin between the
actualindicated (calibratedyakeoff airspeed and the actuf
minimum cantrol speedduring takeoffincreasesf a small bank
angle is used, which means thlais small bank agle increases
the safety conilerably. For takeoff and g@round after engine
failure, it is important thathe remaining performance after
engine failure is maximalrequiring the drag to be minimal,
which will be the case ithe sideslip is zeraand asmall bank
angle of 3° to 5° is attained and miined

2.2.3. Straight flight for certification (¢ = 3°71 5°)

A small bank angleaway from the inoperative engirde-
crease the rudder requirement andetbwith decrease the
actualair minimum control spee¥ yca as was explained in the
previous pamgraphs In other words, pplying a small bank
angledecreases actudlyca and therewithincreases the small
margin betweenVyca and theindicated (cdbrated)airspeed
during taleoff, which increasetakeoff safety. The small bank
angle decreasg sideslip to
almostzerg which is favorable
to the remainingclimb perfa-
mance
Zero sideslip is very difficult to
determine idflight because
sideslip angle B cannot easily
be measured and displayedA
simple means wouldeba w®-
len tuft on the windscreerbut
that does not look very prafe
sionally.. A bank anglehow-
ever, can be read directhnd
fairly accuratelyfrom the atti-
tude dgplay (ADI or FD).

The maximum allowable
bank angle is 5 (FAR/CS
23.149 and25.149 [8], [10]).

W@ The reson for this 5° will
_ o become clear in 8.1 The
Figure 5. Straight flight for applicant (marufacturer) may
certification.

select a bank angkhat will be
used todetermire the Vyca Of
the airplane In most cases, this bank angle will beween3®
and5°. A bank angleof 5° is mostoften usedn multiengine
airplanes with straight wingsnd isvery close to the bank angle
for straight flight withzero sideslipas well asfor lowest drag,
whichi againi is importantfor (remaining)climb perfomance
(82.2.9. Using 5 of bankon straight wingairplaneswill result
in only a smallsideslip angle of approximately3°. Swept
wing arplanes might only have to use 3f lmank for lowest
drag Figure16 illustrates this.As will be shown later, even this
small 3° bank anglenight prevent acatastrophiacddentafter
engine failure

Figure 5shows the most important forces and moments for
this lateral and diretional balance of forces and moment$his
caseis usually used for determininghe Vyca thatis listed in
flight maruals.

Conclusion Straighti equlibrium i flight with a small bank
angle (3 7 5°) away from the inoperative engine isatelely
easy to flyusing the cockpit displayand providesa lower and
therwith more safe actual Vyca. The drag will be minimal
which is favorable to the remaining climb perfance with an
inoperative engine.Therefore, thidateral and directionaqu-
librium is used durindlight-tesing to determine th& yca that
will be listed in flight manals.
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2.2.4. Straight flight with zero rudder (3, = 0) N\ LB increasesthe angleof attack of
. . . W g the vertical fin is increased
To completethe overview of fourof many possibleoptions RS which mightcau flow sepaa-

for lateral and directionabalance of forcesnd momentdor
straight flight while an engineis inoperative Figure 6 shows
straight flightwith zero rudder Y is now the onlysideforce
that can provide the momem; required to act againd\r.
Therefore,the sideslipangle needs to be quite catesiableat
low airspeed or thairspeed needs to be high enough to generat

tion off the vertical fin and
eventually causehevertical fin
to stall AlthoughVyca might
be lower if bank angle) is
more than5° away from the
inoperative engine(which in

an appropriate side forcgg. Sidg forceW:sin¢ is in turnre- . N&J‘NB itsgf is safe}, Stra.ight flight
The bank angle fagananey | | A 5 away from the Moperaive.
from the inoperative engine ‘.‘Lsa Yl&’ S engeilr\:v: );s rC;]r(l;t rgc:)nrgrpneerr?dlgz
and will usually bearound 8 # ALy because of the risk of fin stall

degrees at high weight and § ) in addition, performance ed
bigger at lower weights.This ! B o creases as wellThesearethe
option for straight flightmight T-sin B /(¢ ] W:sin ¢ eq) reasosthat this5® limita-
look dtractive because no 7 tion exists in FAR, CS and
rudder input is requiredHow- Wy Military Specifications
ever,thesideslip anglé at low Figure 7. Banking more than A bank anglep less thars®
takeOff_ or gc—)arqundspeedcan 5° away from the inop. engine.  away from the inoperative
be quite considerable(more engineor into the inopestive

than 20°)leading to high drag . .
(which shold be avoided engine és will be the case

B/ durin irFi
; . oRe Ly ga turnas shown inFig-
during ®keoff) and to a high / ure 8) decreasgor reverseshe
local angle of attack on the direction of side force W&in ¢
vertical fin which might lead to N ectio orce VSIn ¢.

This will causea sideslipto the

fin stall and consequentlythe  \\/.sin ;

loss of directional controlThe ¢ TT Ig:ft %ntc:;m:ie kf\ct)rciﬁ::(r[iat:si?wevﬁne
actualVyca With zero ruder is q toF;aI o gmc;ment Nntc?the
higher than when rudder is ¥Nsa yaving

deflected to bance force. inoperative engine To coune-
. ANg~Ng ract this increased yawing
Conclusion. The dag dur- *

. N o . . . moment N; needs to benk
ing straighti equilibrium 7 flight with zero rudder is much ; T-sin p creasedby increasingthe rud-
higher than in the cases with wings level and with a small bank “ 5 / der deflections.. However. if
angle away from the failed engine. Thaption for straight Lsa Yor Or : o '

. ) - Lo 5a L the airspeed is as low &5ca
flight is thereforedefinitely not recanmended duringflight '

. . ) . . - - and hencehe rudder is already
following anengine failureand with an inoperativengine (almost) fully deflected, the

Figure 6. Straight flight with
zero rudder.

o

5, ARV required ncreaseof Ns with
3. VARIABLE FACTORS THAT INFLUENCE Viuca Wesin ot Y, is not possibleunless the
Many variable factors have influence tre value of Vyca. ‘;¢: airspeed igncreased sincethe
Besidesthe already discussed influencebaink angleon Vyca ‘ control powerof aerodynamic
(throughsideforce W-sin ¢), anyfactorthatinfluenceghethrust  Figure 8. Banking into the surfacess a square furtion of
or drag symmetryn the yaw anflor roll axesandthatrequiresa  inoperative engine. the airspeed ( V% see §2).
changeof rudderor ailerondeflectionto compe@sate for, will This required increase of rai

have areffect on thevalueof Vyca. In the paragraphs below, speed forstraight flightwith this bank angle change leads to a
most of tlesevariable factors will be dcussed. The valuthat  higher actualV yca.
a factor should have during flighésting to determin¥yca will In other wordsif the indicated (calibratedirspeed iss low
also be presentedSinceVyca is used as one of the factors 10,4 5 hlishedV s (at whichspeeda straight flightequilibrium
calculate Vi, this paragraphis applicableto all multrengine a5 he maintainedi wings level attitude or banking manew-
airplares including Part 25 airplanes erin the direction of theinoperative engineauses the gilane
3.1. Effect of bank angle and weight on Vica to start sliding tothat side Sideslipangleand dragboth in-
creaseperformanceand alttude both decreaself rudder and
or aileron deflectionrwere maximum before banking(as was
required forstraight flightif the airspeeds Vyca), it might not
be possible toreverse thebank angleunless theairspeed is
increasedirst to a value well BoveV ca or the thrust asymes
A bank anglep of more than 5 away from the inoperative try is temporarily reduced (8.2.1). If the alitude is low,the
engine(seeFigure7 below)increasesideforce Wsin ¢, which  requiredincrease of airspeenhight not bepossible at all; the
(in this example)ausesa sideslip tothe right. Consquently, airplane isalready out of control anddisaster is imiment.
sde force ¥; develops taheleft, reducingthe rudder requie-  Therdore, if rudder and/or aileron deflectizare (near) max-
ment (Ys) for straight flight Since the rudder is not fully e mum, do not bank away frothefavorable3° to5°.
lected anymore, the airspeed carfuréherdecreasedntil again Figure9 below showsthe effect of bank angle andross
the ruder deflection or pedal foe isthe maximumallowed \yeight on Vca (through side force W-sif) for a sample4-
(see &.2.1). Hence, he result ofmaintaining abank angle  engineswept wingairplanewith one outboardengine (#1) in-
more than 5° away from the inopve engine isthat actual  operativeduring straight, constant headingg Hlight and with
Vimca would decrease However, lecause the sideslip angle the remaining engines producing maximwvailable takeoff

As wasalreadyexplainedn § 2.2.2above, a small bank angle
away from the inoperative engimgiecreasgthe actuakir mini-
mum control speeW y,ca. Below, the effect ofa change obank
angle and weightn Vyca Will be discussedn greater detail
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thrust The data basis ithe result ofanalysisof the stability
derivativesof this sampleairplane whie the thrustis asymne-
trical [12]. Actual airplanedata could not be usethecause

only, which an intentional turn is not, but the control poveér
rudder and aileronmight be insificient to be able toend the
turn and return ta wings level attitude once the airplane is

manufaturers are very hesitant in allowing the use of their allowed tobank away from the favorable 8°5° degrees The
proprigary airplane dataA positive bank agle is in this case a remaining control power atyca iS not subject of flightesting,

bank angle aay from the moperative engine #1.

260

J4-engine turbojet, OEI -
240 -Data basis: analysE .=

, -
2209 .-~

200 -
180 _.—-—"
160 -
140 1 —--
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Vmea T Flight Manual|for ¢ = 3°
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Figure 9. Effect of Bank Angle and Gross Weight on Vica i
One Engine Inoperative, Maximum Continuous Takeoff Thrust.

On this sample airplanghe Vyca determined by analysis

(prediction [12]) is below stall speedf a bank angle of 5°
would be used The airplandlight manualwill thenstate that
the aiplane iscontrollable down to the stall Flight-testingthis
airplanewill have to confirm thaVca is indeed lower thal's.

If the manufacturer had opted for a bank angle of 3° away

from the inoperative engine for determinii,ca (3° line in
Figure 9), then theVca of the airplanefor this configuration
would be 95 knots calibrated airspee@nd the actuaVyca
would decrease with increasing weighthich is favorabldor
maintaining control after engine fafe This decrease ialso
very common for saight wing turboprop airplanewith 5°

bank If howeverhighest gross weight would have been chosen

to determineVyca, thenthe actuaV ¢, for any lower weight is

and may thesfore not be counted on.

Figure 9 will be used agairin § 6, while discussing the takff
safetyspeedV,. The same datwill be used for &V ca versus
bank angle plot in 8.

TheVyca that islisted inflight manuas isalways atermined
using the lowest possible gross weight a bank angle of 3° to
5° away from the iaperative engine, which provides a safe
Vwuca Whatever the airplane gross weight iBhis in fact means
thatthis listed Vyca is only safeon the condition that the bank
angle is 3° to 5° away from the inoptive engine.

Although the flight manuabf this sampleairplanemight state
that the airplane is controllable down to the stall, this will only
be the case as long as the bank anglihéssame as used to
determineVca: between3° and5° away from the inopative
engineas opted by the manufactureMaintaining this small
bank angle isherfore essential forthe takeoff and inflight
safetyafter engindfailure or while an engine isinoperativefor
this airplane and most probably for all mdfigine aiplanes

Conclsiors.

¢ Vyca published in flightmanualsis a constant valyebut
actual Wyca varies considerably with bank anglactual
Vuca is definitely not a constardirspeed

¢ Actual Vyca increasesnanyknots (at highpowersdtings)
if the wingsare keptevel, instead of bankin@°i 5° away
from the inoperative engineThe increase will bemaller
on straightwing airplanegapproxmately 10 knots)

e Actual Vyca increases even more whileameuvering into
theinoperativeengineside If actualVca increases above
theindicated(calibrated)airgpeeddue to a change of bank
angle control will be lost right away.

¢ Vyca that is published in Flight Manuais a minimum
speed formaintaining a straight flighequilibrium follow-
ing the failure of an engingnd isdefinitely not a miix
mum speed for mauvering the aplane.

higher andpilots would have to use weight as entry variable t0 Tnhese facts aboutthe effect of bank angland weighton
determine the actualyca; this would require too much data v/, ., are not elaboratedn mostflight, training and operating

and be too complexLow weight isthe worstcaseweight for
determhing Vyca andis therefore used during fligttestingand
thus for listingVyca in airplane flight manuals

Things change dramaticallfpr this and othermulti-engine
airplanesif a bank angleis not maintainedaway from thein-

operativeengine |If thewingsare keptevel, theanalysis shows

that actual \,ca for this sample airplanen this configiration,
at all g r o s é=0wdllihgvh hesom@1Dh 24iktn
higherthan Vy,ca with 3° bank away from the inoperativa-e
gineand 11kt higher tharthe stall speed/s at high weight At
or below anindicated(calibrated)airspeed of 119 kt,taight
flight cannot be matainedfollowing the failure of aroutboard

erginewhile the wings are kept levahdthe opposite engine is
at maximumavailabletakeoff thrust siing, and also provided

the other factors that have influence\pca are at their worst
case values

Actual Vyca Will be evenhigherif the bank angle is only 5

degrees into thevrong side, which is into thfailed or inopea-
tive engine more thanapproximately 85t aboveVs for this
sample aplane. The 10° line is presented too and spefaks

itself. The increase of actudyca on straight wing airplanes

will be smaller, but still a factor to osider.

The powerful adverse effect of side forcesii¢ (if ¢ is to
the wrong sidegan be observeit Figure9. Of courseV yca is
the minmum speedor maintaining straighflight (equilibrium)

manuals nor in many textbookson aymmetical flight, nor in
FAR's and CS. This mightvery wellbethe real ause of many
engine failure related accidentddore on this subject will fio
low.

3.2.  Two engines inoperative

On 4or moreengine airplanes, two engines might occadiona
ly be inoperative simultaneously, for instarafter simultareous
bird ingesion or following the failure of another engindhee-
fore, for 4 or moreengine airplanes, botlyca; and Vycaz
(Vwmca with one engine (11) and two engines {8) on the same
wing inoperative respectively) are determined and presented in
the flight manuals of theserplanes. FARLCS 25 do not use
Vuca1 andVycasz, but useVycrr andVyere (Vuca for landing
configuration)only. FAR/CS do obviously not anticipate a dual
engine failure in the takeofbr cruise configuration. The
FAR/ CS requirements fovyc. do not makeany difference for
theexplanation irthis paegraph.

Vmecal is the Vyca, that isthe minimum approvedflying
speedin anticipation ofthe failure of any onengineof a 4 or
more engine airplaneAfter any one of the engines failed or is
inoperative,V yca2 Will have become the minimumrapeed for
mairtaining airplane controin anticipation ofthe failure ofa
secondengine. Vycaz is much higher thaWyca; because it is
determined after shutting down the izl engine as well as the

6
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other engine on # same wing. On a 4 engine airplanehd
asymmetrical thrust moment withenbe as high as it can be.
Vucaz is also to be used as the immmm control speed after
failure of any two engines and not only for two inoperativ
engines on the same wing! Thalue ofVca» again represents
a worstcase sitation.

In Figure 10 below, the effect of bank angle and weight is

presented fothe same <4ngine turbojet airplane as used inFigure 11. Side view with Lift,

Figure 9 on page 5 for the orengine inopeative case. As
shown in the figug, Vycaz from this analysis is expected to be
117kt. ThisVyca. is determined with the lowest weight pbss
ble (160,000 Ib in this example) and wittbabank angle away
from the inoperative enginas well as other standhzed test
conditions If the goss weight is above 225,000 Myca is
below the stall speed; ¢h theairplane is cotrollable down to

80 propellerblades. This increase

: affects theresulting thrust of

o g each individual blde as is
—>w illustrated in side views in

Figure12. V, is the roétional

speed of th@ropellers)V is the
forward airspeed of the gi

plane. The resulting blad
velocity is shown with a dogd

vector. The top half ofFigure
12 showsthe downgoing or desaading popeller blade andhe

right-hand side shows the anglef attack of two propéler

blades(both at the instant they are horizontafjd the resulting
thrust T after thex of the aiplane has been increased.

The a, (b=bladg of the

Drag and Weight vectors.

the stall. Inparagraplb on takeoff safety speed,, Figure10 desceding propeller bladein
will again be used for anaing takeoff safety Figure 11 increasesif o is
increased axan be observed
260 T4 engine wrbojet, TEF - — from this figure, sothethrust T
240 -Data basis: afalysis %F of this blade increaseso,, of
200 1 the ascendingpropeller blade
— 200 | =TT decreases, sthe thrustT of the
3 - bladeon this sideof thespinner
g 180 1 — - 10° decreases
S 160 1 —-- 5 . o At low speed whena is in-
§ wol T 0° Figure 12. Thrust distribution creased.the thrust vector of
5 - __ on propeller blades. ! : - .
< 20R T T—-- —-— 3 whole propellerdisc shifts in
100 1 e —— B° a the direction of thedescending
e o \J§ propellerblade This asymmne-
80 7 Vo i Flight Manual (¢ 5°) T trical loading of the propiéer
60 +————————— o Arm T, discis also calledP-factor, see
160 180 200 220 240 260 "_EJ Figure 13. If the propdlers
) ‘g S both rotate clockwie, then the
Weight (1,000 1b) =2 moment arm of the propeller
Figure 10. Effect of Bank Angle and Gross Weight on Vicaz 1 Ny T, Arm T, thrust on the left wing(Ty)
Two Engines Inoperative, Maximum Continuous Takeoff Thrust. L decreases and thmoment arm
of the propéder thrust on the
TheVycaz Used in this exaple is obtained from analysis that J right wing (T,) increaseswith

is normally peformed before flightesting Vycax to predict
Vuca2 @s well asany control limitationthat might be encou
tered during testing12]. Actual flighttestingis always e-
quired to determine the redyca, that is to be published in
flight manuals.

As can be observed figure 10, banking away from théa-
vorable 5° bank angle to the other side will increase actual
Vucaz in the analyzed configation to 190 knots at low gross
weight and to 213 knots at high gross weighivhich is 73 kt
respectively 96 kabove the standamed Vycaz that is listed in
the flight manual. Compare this chart also to the chdftgare
9 in §3.1for ore engine inperative.

This shows that therdefinitely is a reason to maintain a small
bank angle away from the inopéve engine.

Procedures for garound if one engine is already inogtere
require the airspeed to becreased first to at leasty¥a, by
accetrating down the glide slop® exchang available altiude
for airspeedand by using symmetrical thrust only. Asymm
trical thrust may be addeg@rovided diretional control can be
maintained. Any increase of asymmetrical thrustéases the
requirement forrudder deflection, increases actu#lyca, and
should be accompanied by gradualking toa bank angle o5°
away from the inoperativengine.

3.3. Critical engine

During low speed flight(including takeoff andgo-around),
the angle of attaclx is increasedor the wingsto devéop the
required lift as shown irFigurell. The elative windnot only
hits the lift-producing wingswith the increasedx, but also the

increasinga.. Then the yawing
moment  of  engine #2
(T, x amT,) is bigger than the
yawing nomert of engine # (T, x arm T;). This effect is also
noticeable dring normal alli enginesoperating opestions at
low speed(whena is high) whena rudder inputwill also be
required to counteract the differenicethrustyawing moments
and mantain straigh flight.

If engine #1fails, the total remainingthrustmomentNy (in
this casegenerated by engine ¥#& bigger than the remaining
thrustmoment if engine #2 would fail A biggerasymmérical
thrust momeni; requires morerudder deflection t@ounterat
this Nt or 1 if the rudder is at its limit as required for determi
ing Vyca T @ higher speedHenceV yca after falure of engine
#1 will be higherthan V\,ca after failure of engine #2 The
engine that after failure leads to a highéyca is called te
critical engine. Inthis case, thgmost) left engine #1 is the
critical enginebecause the ppellers rotatelockwise

If the drplane is equipped withounterrotating propders or
with turbofans thereis no difference betweeN after failure of
a left or right-handengineprovided the gysscopic effectof
rotating enginesnd propellersre negligible In this casethe
oppositeengines are equally criticaN; and hence actudyca
differ for inboard and outboard iperative engines though
Thefailure of thecenterline engine on a4t hasno influence
on the yawing moments and herneat on Vyca, only onthe
pitching momentequiringa change oélewator input.

Figure 13. P-factor.
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Slipstream effectsr rudder boostingnight influencethe - Vumca IS @ minimum speed limit for airfane control; it has
lection or deteminationof the critical engine; refer to thappi-  nothing to do with (climb) performanceéPerformancas higher
cableparagraphbelow. at speeds higher tharyca, like Vyxsg, Vyse or Vo. Also, keep

A new airplane design shown ifigure 14 is the Airbus in mind the 'back-sid_e of the power cu_rvethe differencebe-
A400M. Uniqueon tre propulsion of this airplanarethecown-  tween thepower equired and power available latv speed.
terrotating propders on both wingsboth propellerson each 34 Engine thrust, altitude and temperature
wing rotate in opposite directiongdo each other down in
between If both engines on a wing are operatitige shift of
the thrust vector with increasing angle of attack is always t
wards the other engine on the
same wing.The effect of this is
that tke resulting ¢ombined
thrust vector oboth engines on
the samawing does not shift as
the amle of attack of the &i
planeincreasesvhen the speed
is decreasd, or is low as long
as both engines are operating

The thrust setting useoh the remaining engi® for dete-
mining Vyca is the maximum thrust that iguaranteed by the
manufaturerin the specification of the engine3he higher the
asymmetricalthrust setting, the higher the rudder requirement
will be and or the higher the airspeed must be to provide the
requiredrudderc ont r o | V? forwseaight flight actual
Vwca is higher. As discussed before, the aerodynamic control
power is insufficiat to recover orto maintain straight flight
after engine failure, the throttkettingof the engine opposite of
the failedor inoperativeengine must belecreaseé as much as
required tarestore omaintain catrol.

There is no overall Pfactor; On some airplanewith very powerfulengines (and a too
Figure 14. Airbus A400M with there will ke no difference in small vertical fin) a thrust asymmetrgontrol systemdecreasge
counter-rotating propellers. thrustyawing momentsNy after ~ thethrustof the engine opposite of the failing engimetomait

failure ofeitherengine #1 or #4 cally as required This keeps/yca to a safe low level A sys-
with increaing o. This means tha¥/\ca after failure of either tem like this if fitted, mustbe consideredmportant if not inds-
one of the outboard engines will be the same, urlesssting) Pensableby the manufacturefor restoring and maintaining
Systems that may berequired for Contro”mg the airp|an’eare control after engine failuren the airplane The consequence is
not installed on both outboard engines  This airplane does thatthis systemwill alsodecreasehe remaining climbperfar-
therfore not have a leftor righthand critical engine; both Mance.
outboard agines are equally critical. If the thrustof the engineslepends orair density(altitude)

If an outboard engine failfor instancet1 as shown irFigure ~ and temperatureincreasing altitudewill decreasethe thrust.
14 above the moment arnof the vector of theremaining thrust After engine failure, the asymmetrical thrust wile loweras
on that wingreducesfrom in between the enginds a bitout- ~ Well as the equirement for rudder control power after engine
side of the remaining inboard engine, as showirigure 14,  failure. TheactualVyca will be loweras vell.

The resultingNy is much lower than would be the case for If the outside air temperature increases, entfinestdecrea-

conventional propelkerotation. The maximuny's andNg to be  esand actualVyca decreases.A too big variation ofengine

generated by the dder can besmaller and consequentlthe thrust with density and temperatuesads to a big variation of
size of vertical fin of tfs airplanecan be reduced There is actualVyca's, which might be reason fofturboprop)airplane
however one very important conditiotite feathering system of manufacturersto provide severalcharts with Vyca data for

the big 8bladed 17.5 ft(5.33 m) diameterand thereforehigh different altitudes and teperaturesn the flight manual

drag propHers must beautomatic, veryapid and failure fredo During an approachith an inoperative enginghethrustse-
ensurethe lowestpossiblepropeller dragollowing apropulsion ting is low andhencethe actuaVyca is low as well. If a go
systemmalfunction If not, thefailure of the feathering system 5,5.nd becors necessarpddingasymmetricathrustincreases
of an outboard engirwill increasepropgllerdr_ag, whichin turn actualVyca Smultaneousy with the thrust To avoid control-
enhancesNy considerably therewithnereasingactual Viuca.  pility problems, the accéerationto go-around speed must be
Thecontrol power generated by thmall vertical fin and mder — erformedwhile still flying down the glide path before initiating
alone is low by the small desigrOnly rapid reduction of thrust o climb, using symmetrical thrust{ while adding as much
of the opposite enge, or(increasedjirspeedcanrestorethe gy mmetrical thrust as possible to maintainstraight flight
required control power to maintain straight fligbtiowing the  \yjile adding aymmetricalthrus{ simultaneous rudder detie
failure of an engine Designingand approvinghe feath&ing o as well agradualbankingto the specified 3° t&° away
systemfor this airplanewill be a real challenge to design €ng from the inoperative engirie requiredto keepactualVyca as
neers and to certifation authorities. , low as posible and prevent anut of control situation
On airplanes with very powerful engines,asymmetrical thrust . .

Asymmetricalengine thrusthasthe greateseffect onVyca.

roblem is also béng solved by applying automatic thrust . o . MEA
gsymmetry compens?ation see yalsg.[z)ﬁybl?t this has cores Actual Vyca is most critical(highest)when thethrustsetting is
' high and thairspeed is low.

quences for takeoff perfianceas well
Flight manualgpresentthe Vyca that is determined after fai  3.5.  Thrust derating and flexible thrust

ure of the(or a) critical engine. Thigrovidespilots with the In the case of thrust derating, the surglusistthat is in the
highest the worst caseVyca (as long as the bank angleti®  engine design is not available at hand by setting the thoust
sameas duringVvca testing). The actual Yica afterfailure of  powerlevers (throttles)in the cockpitbut only by engineersy
any other agine is loweri whichis safer The use of the word changng settings on the enginitselfat the time of engineftfi
‘critical' is only of use to test p”OtS to make sure they determirtﬁ*]g. This is common practice to install similar engines on
the highestVyca after failureof any of the engines. Airline different types of airplane. Thrust derating might émuired to
pilots should not have to worry whether a fagliengine is crit  |imit the maximum asymmetrical thrust moment to the imax
cal or not they should not even have to learn about the Crii‘ticalmum available rudder control powertbe desired tagoff Speed

ty of an engine Just a singlé/yca, that is a safe mimum  following the failure of an engineVyca as listed in the flight
control speed before and after failure of any of the engineganual will be based on this derated thrust.

appies On some modern tygef airplanethough thrust deratig is
settableto several levelgluring preflightfrom the cockpi for
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the next takeoff The flight manualmustpresenta set ofpe-  creaseshe aymmetricalyawing momenbf the oppositeopa-
formancedata for everypossiblederated maximunthrustse-  ating engine, which- during takeoff or gearound- is at mak

ting, including aspecificVyca as operating limitationbecause mum available takeoff thrust setting to attain the maximum
Vmca depends orthe maxmum thrustthat can be set with the avaiableclimb performance The lower the propeller drag, the
thrustlevers Actual Vyca after thrusderatingis lower because lower the aymmetricalyawing moment and the less rudder
the maximumthrust yawing momentNy is lower following deflection is required to maintain straigtight. Most propé
engine failure and aftenoving the throttles fully fovard lers are equipped with a feathering system that automatically

Flexible or reduced takeoff thrustasthrust level less than the feathers the propler after engine failure (unless disabladnot
maximumsettablethrustwith the throttles It is beingused to armed. Feathering a propellerill decreasés dragconsidea-
preserve engindife. An assumed highesutside aitempesture ~ bly. Small twin-engine airplanes miig not have a fathering
and/or reducedthrottle settingare usedto achievethe lowest System after engine failure, the propeller might continue
possible thrust level fora takeoff onthe available runway Windmill, causinghigh drag. Vica of these airplaes is dete
length In this casestill the sameVca dataapply as for the mined with this high drag and will thefore be high enough to
available highest takeothrust setting, becausemaximum &-  be able to maitain control, provided again the bank anglefs 5
keoff thrust isstill settable anytime by moving the throttlesOr the number of degrees specified by the applicant durinig cert
forward As long asthe thrustsettingduring flexible or reduced fication, away fromthe failedengine.
takeoffis lower, the actuaV,ca is lower. If however,follow- Propellers willonly autofeatherafter engine failuré the fea-
ing the failure ofan engingthe thrustlevers of the operating theiing system isenabledor armed which is normallysetprior
engines arset(by procedurejrom the flex settingo maximum to both takeoff and landingin anticipation ofan engine failure
availablethrust to achievenaximumclimb performancethen during go-around) If feathering was usk for determhing
the actual Vyca increags again to the value presented in thevyc,, the asymmetricalthrust moment Nwithout featherings
flight manua) provided the bank angle i$,%r the number of (much)biggerand hence moreudderdeflection is equired for
degrees specified by the applicaaway from the failedmgine. straight flight actual \ca is higher This has a comsjuence
for training too. A realisticVyca cannot be dmonstraed by
justidling one engine. This is the reason that airplane manufa

Vwca of a multiengine airplane is determined whiir rud-  turers provide a (number offrust setting(s)to be seton the
der and/ or ailerons are either fully deflected or after reaChinQs’#mulatedinoperativeengine to match the drag of aatieered
prEOEterfminZd TUddﬁf or ai(lero? _Cogtr_g)gohfcﬁ “micti,dwmr propeller. The setting coesponds to zero drag, @ero thrust
occurs first during the test (explained ik)3 IT the rudder is not For determining Vca, the propeller has to be in the pitcht-se
fully deflected (while thahrust is maximum) to maintain the ting that it assumeby itself after engine failure without pilot

straight flight equilibrium, then thectual airspeed for the ve intervention which is either windmilling or featheredVyea

tical fin with rudder to generate a sid.e force high enough t8{;\ta inflight manuas are based ais conditionalthough some
counter the still samei high asymmetrical thrust will have to

. . . : manufaturers report twoVyca's, one with and one without
be higher than the airspeduht was measured during the flight . L
test to determine the FAR and CS ba¥ga for which fully autofeathered propelledepending orthe criticality of theauto

o . . feathersystemof the airplane The drag of an idling propeller is
deflected diretional controls were used (provided the maximum_; -
approved control force is not exceeded). Tausual airspeed "]mgher than the drag of adiered propeller This higher drag

S . ) enhances the asymmetrical thrust momiRt More rudder
ricé rh(raT:ietI/maITEgt Svc;r:rgétgrmﬁreegel;mjg;eé At\?qagntg%gz'\; 1%"9 a deflection i_s reauired_ for straight _flight or migh_er _airspeed if
25 149 MCA e rudder is at maximum deflection; hendgca is higher.

On military transport aplanes, only a maximum of % (75%) of ~Torque and gyroscopic effects due to rotating engines an
the available control power of rudder and ailerons may be usegppellers are mostlyeglected in theVyca analysis. These
to determineVyca, to leave some coml power margin for effects, as weII_ as t_he rajpiess o_f the automatic feathering
countering gusts and control forces may be higher. This in fafocessplay their rolein thedynamicVyca or transieneffects
means that th&yca's of arplane types that are used both adestng(§4.2).
civilian and as military transports can differ from each other. Conclusion In the case thathe propellerof an inoperative
engineis in a different configuration than usedrithg testing for
Vueca, the actuaVyca might be much higher than the charted
Asymmetrical slipsteam and giraling slipstreameffects v/ ., whichis very unsafe if (much) thrust has to be added
might influence the recovery after engine failure as well as thRe operating mgine(s)during a gearound. A suspected failed
value of Vyca, as the slipstream influences the air streargropellerengine should never be left id§j as a 'standby thrust
around the horizontal and vertical tail. Some airplanes havgurce'’: he engine should bshutdown or set to provide zero
vortex inducers orthe vertical fin to prevent an early fin stall thrust/ dragin order for the actuaV/yca to be as low asor
when the sideslip angle increases during equilibrium flight witBelow the listedVyca. If a propeller is not feathered (because
an inoperative engine. lifistreameffects might have influence the engine is kept idling) or if the featheringsteyn fails (or is
on the value of both static and dynardigca and, if the effects not armed), actualyca is much higher than listedyca. Loss
are dominant, the Slipstreammight determine which of the of control will occur as soon a@symmetrica])thrust is n-
engines is critical. During flightestingVuca, slipstream 8 creasedduring approactor go-around).

fectsv_wll be mclgded In the_ determ_lnatlor) ¥iuca. However, . Flight training with an inoperativpropellerengineshould be
if during operations following engine failure a bank angle is

allowed that leads to an increased siige angle, slipstream performedusing somethruston the simulated dead enginie

. . . simulate zero thrustdrag to be able to demonstrat@ more
gffects might mcreasec'mgl Vica 10 @ value higher than the realistic Vyca. Training the appropriate response to suidden
listedVca Or to an early fin stall.

engine failure however, requiresacually shutting down an
3.8. Propellers engine inflight.

After an engine failre theairflow will startdriving thepro- 3.9, Effect of center of gravity on Vuca
peller (windmilling) causing thelragof thepropeller to ncrease
significantly. The yawing moment generated by this diag

3.6. Control deflection

3.7. Slipstream effects

Longitudinalcenter ofgravity. The yawing momergener#
ed bythe rudder(Ns), is the product of thenoment armor
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distance from theenter of gravityto the aerodynamic forcé;,
developed by the rudder. If tleenter of gravityis at itsap-
proved aft limit, the yawing moment generatday the rudder
deflectionis smallest If the center of gravity is more favard,

the moment armto the rudder forceYs, is longer and rudder

deflection can be smalléo countemNt (Figure 15 lslow). Now

one of the engines, that engine might have to be defined as the

critical engine.

If the flap handle is not selected akoa certain setting, d4
der boosting might not be switched on and actigal, will be
much higher than anfigated. The boost system has a very
powerful effect on thevalue of Vyca. If not switched on, a

the airspeedouldbe further decreased until rudder deflection isy,,., increase of 30 knots isot exceptional. Refer to your

again maximum: @ualVyca with a forward center of gdty is
lower.

Lateral center ofgravity. A lateralcenter of gravityshift also
affects \yca. A lateral shift of the center of gravityinto the
inoperativeenginefor instancencreases thesgmnetrical thrust
moment of the live engine(s)
and requiresa higher courd-
racting foce: morerudderand

TZJ_’ AmT, ailerondeflectionare equired,

. < T¢‘ or if these are maximunal-
'qi(« - higher: actualVyca increases.
N; 1 el Therefore, flight manuas
|/AM & Y5  present a maximum lawable

’ wing-fuel asymmetry or im-
Ngr 2° balanceto avoid controllability

probems after engine failure
due tothe lateral shift of the
center of graity.

Considering all possible centers of gravfty determning
Vumca would be excessively complicatedVyca is therefore
determined with the center of gravity at the maximurpraped
lateral position into the critical engine andmost aff both
representing the worst caskecause thisreturrs the highest
Vuea due to center of gravity shifat the proper bankngle).
During normal operations, the listédyca will not increase
above the published valuedue to any center of gravityshift
within the approved envelopeAirline pilots thereforedo not

al

Figure 15. Center of gravity
shift, longitudinal and lateral.

have to worry whether the center of gravity is forward or aft, le

or right. The listedV yca is valid for any center of gravity.

flight manual to find out whether flap retraction affe¢igc, on
theairplaneof interest

3.11. Landing gear, flaps, slats and spoilers

Thedrag of thdanding geais symmetricalaround the center
of gravity, providedthe pilot maintains straightight with no
sideslip Then the extended landing geanight have no infu-
ence onVyca. The total drag of coursés higher on some
airplanesjust a little, onotherairplanetypes more If however
sideslip anglg is not zero, e extendedanding gearhassome

ready the airspeed needs to beinfluence on the equilibriunof lateral forces and moments

Because thenoment arrme of the main lading gearsto the
center of gravityare small the yawing momentsdue togear
drag will not be big furthermore,the drag induced forcesact
behind thecenter of gravity(for nose gear airplanes)t depends
on thedirection of thesideslip, whether these forcasein the
same direction or opposite of the ruddgmeated side force.
During side slipping, hte side force of thenose geamn big
airplaneshasa much longemoment arnto thecenter of graw
ty. If the pilot allows a sieslip to build up by keeping the wings
level afterengine failurethe nose geawill generate a side force
due to dragand hence an additional yawing moment theat r
quires a change ofrudder deflection actualVyca will either
increase or decreaséf sideslipis zerg a lowered gear has no
asymmetrical effects. Zero sidslip can be achieved with a
small3° to 5° bank angle, as was explainedSi2.2.2and§ 3.1

In addition,as long as the gear is dowits dragof coursede-
creass the rate of climpbut retracting the gear migtempog-
f;[ily decreasé¢he available rudder boost press(@e.10, there-
with temporarilyreducing therudder deflection and increag
actual Vyca. Checkyour airplaneflight manual whether the

Conclusion The worsicase center of gravity position is usedgear should be leftxended until reaching a safer speeui/or

for determiningVyca, Which isa center of gnaty positioned

most aft and laterally into the critical engine, both within the

approved envelopeThe position of theemter of gavity is not a
variablefactorin theVyca chartsin flight manuas; this would

unnecessargomplicatethe looking-up of Vyca during peflight

or before landing

As preparation foany landing, a gearound has to be anti
ipated. To increase the safety afgo-around,part ofthe prepa-
rationfor a landing with aralreadyinoperative enginen a 4 or
more engine airplaneould be tomovethe center of gravityto a

altitude

Flaps and slats after extension might have an effect on the
airflow striking the tailand therewith déct Vyca. The flap
handlemight also bemechanizedo switch onor increasehe
rudder boost pressursystemso thatthe position ofthe flap
selecor handlehas influence orthe rudderforce F and on
Vuca. Onsomeairplanes, Vyca With flaps upis more than 10
kt higher than with take®flaps. If boost would be offr low T
asmight bethe case with the flap handle at z&r¥yc, would
be much higher. This increase bf;c, is indeeda factor to

position that decreases actualyca, i.e. as much forward and consider while returning to baséile an enginds inopektive.

away from the inoperative engine as thecente of gravity

envelope allows This could be done by transferring fuel away

from the inoperative engine and forwarénd/or by moving
cargo orpasengers forward, if at all possible and febes

3.10. Rudder boosting

On big airplanes, the rudder is boostgdabhydraulic system

Spoilersaffect thelift distribution on, and thedrag of the
wings Whenflight spoilers kickin asymmetricallyto assist roll
control during the early phases of takeoff, thegt only affect
Vuca but alsodecreasehe already reduce®El climb perfa-
mance.

Vuea is to bedetermined with gear and flaps extended, but

to increase the rudder deflection per pound (or Newton) of pedabt with gear and flaps in transitiorRefer to theflight manual

force, which is of course important for maintainingnizol
under asymmetrical thrust conditions.
only be available at low airspeeds to avoid daentagthe vert-

of your airplaneto find out whethettransitoning or retracted

The boost system wilaps affectVyca on a paticular airplane This would be ‘nice’

to know for a safe return to base following the failure of an

al tail and might be automatically switched on as flaps ere sengine.
lected down in stages of one or more different boost Pressue, s ound effect

levels.
pens to be driven by the inoperative engine, the baesspre

If a hydraulic pump that powers the boost system ha

An airplane is in ground effect if the altitude is less tabaut

might be lower than required, or not be available at all. If thealf awingspanabowe the ground.On someairplanes,Vyca
airplane is equipped with only one hydraulic pump driven bjnight be influencedby the ground effectbecause the aerpd

namic catrol powermight changewhile the airplane is close to

10

Copyright© 2005AvioConsult



Airplane Control after Engine Failure S VioConsult

the ground On other airplanes, thaitot-static air datssystem 4. FLIGHT-TESTING Vuca

might beinfluencedby theground effect. Then, Viyca out of To assist in understandingyca better, his paragraptis in-
ground effectmight differ a fewknots from Vyca in ground  cjyded The flight-testtechniques presenteadibw are not the
effect. The highest Viyca of in andout of ground effect should ¢ompleteflight-test techniques for engireut testing: they are
be used for takeoff. providedto a certain extent and for informationrpases only.
3.13. Stall speed Please do not start testingyca 0N your own Vyca testing is
not without danger.Experimental test piloteake many preca-

- . tions for instanceon new or unknowrairplanestheywill have
to thefuselage or withcounterrotating propellerdave a \ca pamchutes in the seats!
that islower thanstall speed/s, in which case the flight manual ) i . .
either lists noVyca at all, or states thahe airplane isontrol- As was expdined in the previous paragraptmany variable
able down to the stallwhich is of course the preferable andfactorshave influence on thealue of Viyca. It would be m-
most safe situation. However, as waplained in 83.1, this possible to determin@separaté/yca for all values of allv_arla-
will only be the case if the pilot (after engine failure) actualljP!e factors. Thereforethe worst case ofmany of the variable
maintains the bank angle that was used to deteriipgs, in [actors that influence Viyca and praluce the highesti most
most cases 5away from theinoperatve engine If the bank Unsafel Vica areused to deteninetheVyc, that will be listed
angle differsfrom this favorablébank angleactualVyca might 1N the flight manualwith the excepion of bank angle The
increase to a value higher theg and a controllability problem advantage of standaritig these factors is thaioth the testing
might arise despite of the statement in the flightwah Refer ~andlooking up Vyca by the flight crew during preflight and

Somemulti-engineairplaneswith the egines mounted close

to Figure16 and toparagrap's. before approachare very muc_:h simplified. The_cor_\equence
howeveris that the standardizédyca presentd in flight ma-
3.14. Load factor nuak almost never corresposdo the actuaVyca that will be

For airplanes thatre controllable down to the stalthile an ~ encountered during a particular flightut is d&ways on the safe
engine is inoperativé§ 3.13), a pushover maneuver was ssm Sidefor any value of the variable factors
times usedo decrease the load factiorbe able tademonstrate In most casgsonly altitude, temperaturandflap setting are
Vmca. During this maneuvera load factor less than 1 @d the \ariable factors during the testing and in théycs data
creases the apparent weight of the airplane and hexoeades provided in the flight manualAs was explained in 8.1, bank
the stall speed/s temporarilybelow Vyca. This way, as was angle influenes Vyca consideably. A bank angleof 3° i 5°
believed,Vyca could bedeterminedbr demonstrated. away from the inoperative engireused durig teging.

However,Vyc, is defired for straightflight (equilibrium), and The standardizedalues of the variable factors used during
its determinationincludes transient effectsTransient effects of sting of Vyca are presented below;he numbers between

. . . t
a sudden engine failure can only be determined from steaﬂe
flight, a flight path similar to a normal takeoff flight pathe. fogl:rﬁg.thesesefer tothe paragraphs where moretalls can be
unaccetrated flight with aload factorof 1 g, as well as many ' ] ) ]
other standalized factors and conditiorfdiscussed above) e A bank angle of 5away from the inoperative engine, or

The dynamics involved, the different air stream and angle of lessthan 5 at the option of the applicanf the certificate
attack from a normal takeoff flight path-t&ctor) and the dar of airworthiness of the airplaréhe airplane manuégurer,

tion of these maneuversake the use of load factor inappr . ﬁo&lg,;t ossiblerossweight (low on fuel) (§3.1):
priate for detemining or demonstrating yca. west possiblgrossweight(low uel) (83.1;

¢ Critical engineinoperative(8 3.3);
3.15. Configuration changes e Maximum available takeoff thrust on the operating re
Any configuration change, modification or alteration that  9in€(s) (§3.4, §3.5);
changes the position of the lateral center of gravity or changes® Propeller of thénoperativeengine feathered if an autotna

the asymmetrical drag, anof affects the required rudder and ic feathering syem is installed otherwise windnilling
aileron defletions after failure of an engine, will have influence (83.6);

on the listedVyca. For instance,he installation ofexternal e Centerof gravity most aftand laterally into the inoperative
(camera) wing podsantemasand other externaqupment on engine,in the approved envelofg 3.9);

the wings, as well as changeside the cabin that influence the e A maximum of 150 Ib(667 N) on the rudder pedand a
position of the lateral center of gity, etc. could change the maximum of25 Ib (112 N) on the aileron control as per
flight manual listedV yca significantly. Flight-tess are required FAR/CS 823.149 and 25.149; military requirements are
to determine the effect of these configtion changes o¥l yca. 180 Ib and 75% contrgdower/travel respectively, the ta

N . terto maintain a margin to cope with gusts, for transgént
3.16. Climbing flight fectsand to maneuvg§ 3.10);

An airplaneat low gross weightwith the engines at takeoff o Flapsin takeoffsettingor as opted§ 3.11);
power settingmight develop a considable rate ofclimb even e Landing gear dowor asoptedby manufacture(§ 3.11);
with one enginénoperative. Tis causes the side force ¢ « Normalload factor 1 g(§ 3.14).
to bereducedby a factor cosine of thepitch angle €0s6). The
consequene ofa 30 climbing pitch angle is thathe bank angle
should be increasealy approximately 1 degrete geneate the
same side force as for level flightf a 5° bank angle was used
to detemine Vca, the climbing flight requires a bank angle of

The flight-test techniquesfor performing theVyca testing
([4], [5]) aretrainedby formal Test Pilot Schoolsnd can also
be found inCS 23[8] and inFAA Flight Test Guide (AC 23
8B [6] and AC 257A [7]).

6° to mach thelisted Vyca, Which is howevers against rega- Vuca is determined at a safeiltde ofat least5,000 ft AGL
tions so more rudder deflection isquired, ora higher speed after which the data aneduced andextrapolated tcsea level
for straight flight actualVyca increases. (SL) on a standard day oo tifferent altitudesind temperatures

On threeand four-engineairplanesa high rate of climb can as equired for use ircharts

be avoided byreducing the thust of the centerline engine or of 10 preparefor the safe conduct of y, flight-testing the -

the symmetrial inboard engines. This doesaffect neitherthe ~ Proximate value of Vyca is determinel by using computer
thrustasymmetrynor Vyca. analysis ofmodelsor stability derivativesof the subject ai
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plare. The technique of predictinyyca iS presentednithe ferent typs of airplane might showdifferent lines from the

paperPredicting the Effect of Bank Angle and Weight on theonesshownhere. Refer to 8.2.3 for details on this equil

Minimum Control Speed:a of an Engineout Airplane[12].  brium.

Thi"s teqhniq_ue was also usexlcalculate and ptd-igures 9, 10 The same test procedure jisepared andepeated on 4r

167 20in this report. moreengine aiplanes to determin¥yca.. The second gine
Flight-testing begins wittselecting the configuration to test to be shut down is thenginenext tothe first failed engin®n

like takeoff or landingfollowed by static and dynamic \{yco  the same wing. This generates the highest yawing moments

testingand handling qualitiegesting Static and dynamior  possible,hencethe worst casé/yca.. Figure 17 belowill u-

transienteffecty Vyca flight-testingare both described in the strates theresults of thepre testflight analyis At the test

following pargraphs weight (low gross weight) and at a bank angle of 5° away from
Ve is the minimum control speed in tagproach antand- the inoperative enginépgsitive in this exampleV ycaz is e-

ing configuration.Vyc, testing is performed in the same was/ pected to ba 17 kt gnchlgher tharthe stall speed. The lowest

Vica testing, butthe flaps are selected in the landing positiofh€oreticalViuca, will be reached at abowt 9° bank angle.

and he asymmetricthrustseting used is geroundthrust In However, regulations do not allow the use of a bank angle in

addition,a roll requirement exis§AR/ CS§ 25.149f) excess of 5° away from the inoperative endieeause of the
flow sepastion on the verticalfin (which on this airplane is

On 4 or moreengine military airplanes, bothVyca; and ted ab 10° bankElight-testi ill b ired t
Vucaz (Vuca With one (rl) and two engines {B) inoperative gérﬁ)f(ieriwethisa ove ank)Flight-testing will be required to

respectively) are detained. FAR and C$iowever,only re-
quire Vyca (is Vuca1) to be determined for civil airplanebut

7
do require botlV e, andV e, (8 3.2). C §
~ =1
)] L ©
13 &
1<
=]
r O
138
1w n
Vs - Low weight 100':\ o' o '5' o '1'0' i '1'5
Vyea > >~/
MCA 7 T' Bank Angle (deg)
_1'5' o '_1'0' i '5 e 0' o ;_’ o '1'0' i '1'5 Figure 17. Effect of Bank Angle on Vycaz. Turbojet, TEI, 1 g
constant heading flight. Maximum Continuous Takeoff Thrust.
Bank Angle (deg)

35

Both Figures 16 and 17llustrate again the huge influence of
bank angle on thealue of actual Vyca andlead toone ofthe
most impotant recommedatiors presented in this reporthe
"""" bank angleused to determin&y,ca mustbe listed withVy,ca
data in flight manuals.The presente¥yca is only valid if this

55 '/) 5 ' %\m bank angle ideingmaintained.
i 4.1. Static Vmca testing

StaticVca testing isperformedto detemine thelowestair-
speed at which the airplane camaintain straight flight with an
inoperative enginé apre-determinectonfiguration.

i First, atrim shot at a safe altitude wigymmetricalthrust in

Figure16 below shows the effect of bank angle @ttual the required test configuration is established mt arspeed
Vuca (during equilibrium fligh) in a different way as the chart gppromately 20 knotshigher thanexpectedVyca that was
in Figure9 in §3.1 for the same aplane and conditionsThis  determined during the analysihenthe engindhat is epected
plot is alsothe result of analysis of the stability derivatif&8]  to bethe critical engine(§ 3.3) will be idled, then shut down
and is usedo becomeaware 6 limitations that might show up propeller featheredif applicable, and the opposite engine-s
during actual flighttesting. These plots can be made for segected at maximunavailablethrust while maintainingstraight
level and for anyaltitude, including the test altitud@theengine  flight without changing the trim contrals The throttles othe
thrust changes with altitudie Vyca in the plotswascalculated  symnetrical operatingengineson 4 or moreengine airplanesor
USing the maleUm Of elthel’ ai|er0n deﬂection 20°), rudder ’[he Center”ne engine on_e]g'ne airplanesmay be set ata
deflection (30°) or sideslip(14°) versus bank angleThe pedal |ower (reduced)thrustlevel asto be able tanaintain the altitude
force limit (150 Ib or 667 N)vas not includedOn this aiplane,  anddecreasghe speed during the testiog the lightweight test
ap in excess oft14° should be avoided to prevent the verticahirplane For 2engine airplanes, airspeed will Hecrease by
fin from staling, therefaoe, as shown in the second plotAiy-  establishing a rate of diib. Data are taken while passing the
ure 16, sideslipp (14°) is the limiting fator for bank angles test alitude.
below i 1° andabove+10°; rudderdéflection (max. 30°)s the While keepina thewinas level. the air : Ilvde-
!imiting factorbetweer[)_° and +8. Furthermore, on this spéci creasdeun?i??heghtea?(;\;ngiaﬁ r?o’ Ii)r?g:r Zre)enigiﬁgizz )t/i;iu
ic airplane type,Vica is expected to be lower than the stall oy o sileron inputsor until one of the control travel or force
spe_ed at bank gngles betvv_een 4 _and .7 (at the test Welgihits (listed in §2.2.1 and onthe prevous page) is reached
which is low weight). The airplane is said to be meollable |, speed at which thisccursis the actualVyca for wings
down to the Stalbut, as is shown ilFigUrelG, this is true Only level. Then while SlONing down and maintaining headirme

for bank angles between 4° aiifl away from the inoperative bank analds slowly increased away from the inopevatigine
engine(test weight) Actual flight-testdata or analysisof dif- 9 Wyl way "nop g

Figure 16. Effect of Bank Angle on Vyca and on rudder (dr) and

aileron () deflections and sideslip angle B. Turbojet, OEI, 1 g
constant heading flight. Maximum Continuous Takeoff Thrust.
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until the bank angle is 5 degrees {loe number of degreepted

by the applicantfor instance 3°or until again one of the control FAR/ CS 23 25 Flight Test Guids ([6], [7], [8]).

travel or force limits is reachedThe turn needle will be ce
tered and the slip ball will bgpproximately h# a ball width off
center(refer to 82.2.3. The speed at which this occurstiie
formal V¢ Of the airplandor the test day and tedtitude.

yaw or a rudder pedal force of 150 lip accordance with
The bank
angle should not exceed 450 dangerous attitudes may occur.
The lowest airspeeét which these requirements are met is
called dynamid/\yca. Torque and gyroscopic effects of rotating
engines or propellers might havinfluence on the yshamic

The test will also end if during the deceleration the stall speéfica, @S might propeller slipstreagffects

Vs is reatied while the bank angle ithe opted degreesway
from theinoperativeengine. If this happensthe airplane &-
viously is contrdable down to the stal(at this bank agle),
which would be the preferable test resufrhe prediction for the
sample airgne inFigure 16 shows that the airplane is control
able down to the stall only if the bank angle is 4° away from
the inoperative mgine.

While decelerating, several false bank angle zero (fats®)
points might be observed. At thesastable poits, the slip ball
will not be centered. The direction of edtip § should also be

noted. Other data to be recorded are bank angle, sideslip, rudd

force and deflection, aileron foremd defletion.
This procedure is normally repeated at lower, stilfe ali

The flight manualshould present the higheof the dynamic
Vyca andstaticVyca to be able to survive an enginel ee.

4.3. Other airborne engine-out evaluations

Other airborneengineout evaluationsmay include, but are
not limited toa go-around evaluation (performed at a safé alt
tude),anapproach, a landingnda takeoff. Thesetest are very
dangeroustequire extremeareand hencerenot recommed-
ed to be pdormed without propeknowledge andraining the
crew must bevery cognizaneand well prepared The ncarect
application of ruderand aileronsnightlead to an attitude from

hich safe recovery is not possible case another engine fails
during the maneuver, immediatereduction of aymmetrical
thrustmight be required to save themaneand the souls en

tudes. TheacquiredV yca testdata will be extrapolated to sea poard

level conditions resulting itheVy,ca of the testedtonfiguration
that will be pllished inflight manuas.

To ensure that the engine that is made inoperative in the pabove.

The flighttesting of airplanes with fipy-wire flight control
systemsmight have to differ from the procedsrelescribed
Some flight control systenof electric jets scldale

cedure desibed above is indeed the critical engine, the groc controls without the pilot noticingollowing the failure of an
dure is repeated after shutting down the opposite engine. Téegine. Control surfaces are deflected without any stick input,

engine thagfter shutting down returrthe highes¥Vyca is the
critical engine (83.3).

The same test procedugerepeatedn 4 or moreengine ai-

planes to determine the minimum control speed with two e
gines noperative (TELLVyca2). The second engine to be shut

down is the enginaboard of the first shutdown engima the
same wing. This generates the highttst worst cas¥ ycao-

As already mentioned befordyet bank angldasgreatinflu-
ence orVyca. Therefore the bank angjethatis usedto dete-
mine Vyca, Which is in most cases’3 5° away from thein-
operativeengine,is an important testondition and should be
specified in certification documentaticaas well asin the air-
planeflight manual with theV,c, data

It will be obvious thatheVc, that isdetermined this way is
definitely not a minimum speed for maneuvering, but formai
taining straigh flight while maintaining the optettank angle
only. Any devigtion from this bank anglenight result in a
higher actuaV yca and the risk of loosing arol.

4.2.  Dynamic Vuca Or transient effects testing

An airline pilot must be able to avoid dangerous ditions
that might result frona sudderengine failure in flightespecib
ly during takeoffor go-aroundwhen the airspeed is lowThe
test method is to stabilize witlsymmetical thrust (trim shot)
and then cubff the fuel supply tathe critical engine. After
observing a realistic time delay foecogrtion, decision and
reaction (normally 2 secondstotal), the test pilot arrests the
airplane motion and achieves engimat straight flight Data to
be lecorded arghe changes in yaw, bank angle, sidesludder
force and deflection aileron forceand deflectionthe lostair-
speed and the new rate of climb.

Of course,experimentaltest pilots start the engine cutsaat
safe airspeetligher tharVyc, and graduallydecreasespeed for
the next test points Testson propeller airplaneare performed
with aubb-featheron and off, if applicable.Normally, aly a

small number of test points are required to check the validity of

the meaured statidVca's for transient effects

Requirements for these teste dhat ontrol should bemain-
tained wihout exceeding a heading change of @fF excessive

and without the test pilot realng what is going on. It will be
evident that the data acquireldring Vyca testing need tonk

clude theactualcontrol surface deflectiodataof aileron, rulder

and elevator, as well as actual thrust data measured at each
engine.

5. IMPROVED ENGINE EMERGENCY PROCEDURE

In §2.1 of this report a part ofa possibleengine emegency
procedure was describedhat is listed in most flight manuals
today In § 2.2 severaloptions for straight flightvere dscussed
that are possiblafter engine failureand which warranta safe
continuation of a flight In 8 3 most variable factors werdis-
cussedhat have influence oW yca and in 84, a brief descp-
tion was presented of how the fligtestingis performedto
deternine Vyca. Using all of thisinformation, readers of this
reportmight agree that a few more very important control inputs
are definitely required to improve tlemginefailure emegency
procedure and therewith increase the probability of survival of
an emine failure during takeoff or garoundas well asthe
subsequenteturn to the airport Therecommendedirst stepsof
the procedure aras follows;the modifiedand addegbartsare in
italic print.

¢ Identify which engine failede(g.dead leg¢ dead egine);

o Apply both rudderand aileronaway from the inoperative
engineto return torunwayheading and simulianeously

e Bankthe specified number of degrees$ {%°) awayfrom
the inoperative enginand maintain this bank angle
Note If rudder and/or ailerons do not generate enough
control power for recovery, redacthe opposite throttle
temporarilyas much as requiret regain caitrol;

¢ On 3 and 4 or moreengine aiplanes
Increase thrusbn the centerline oron thesymmetricalen-
ging(s) first to maximun available (takeoff) thrustand add
as much asymmetrical power as possible to maintaircdire
tional control, whilemaintainingthe specified bank angle
(3° 7 5°) away from the inoperative engingDuring go
around, accelerate td&/ycpp down the glide slopdefore
applying maximum asymmetrical thrust.)
On 2engine aiplanes
Apply as muchthrust as possibleo maintain directional
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control, while maintainingthe specified bank angle® (8 1.13x Vgg, dependant othe number of engines and provisions
5°) away from the inoperativengine for poweron stall speed reductionVgg is the refeence stall

e Increase airspeed usipgch ontrol, if feasible to the best speed Since the exact increment abowetation speedVg,
single enginegate of climbspeed, théest angle of climb which is attained before reaching 3mfiove the runway level
speed or totakeoff safety speed,. is unknown for this sample airplanghe V, data showrin the

e During the flight following the engine failure, maintain afigures belowis V.

speed well abov¥yca and avoid turns into the deache  As wasmentionedbeforein this report it was not possible to

gine side toprevent actuaVyca from increasing abovent  yse flighttest detemined Vyca, Vs andV, data of a reair-

dicated(calibrated) airspeed. If the airplane does noter  planesincethesedata are usuallproprietaryand not accessihle

spond to the controhputs,reducethe opposite throttle as  Therefore, data from analysis of stability derivativefsa sample

much as requiretb regain control. 4-engine turbojet airplan¢hat arenormally used taprepare for
WARNING: The listedVyca is the minimum speed farain-  Vyca flight-teding, wereused[12]. As was explained before in
taining straight flight with an inoperativeengine while the § 3, other standardized variables for determinifg., arethe
thrust on the remaining enginesds maximumavailable(ta- lowest gross weight possible atite mostaft center of gravity
keoff) setting. This Vyca is valid only while banking the s in the approved envepe as well as the worst cases of other
cified number of degrees away from the inoperatingiree.  variables thahaveinfluenceonVyca.

Vmca is not asafe minimum speed for maneuireg! Vuea of the sample airplane dfigure18 at a bank agle of
This part of the engine emergenpyocedure is the same for 5° is expected to b&5 kt(solid low-weight line). Thids lower
all multi-engine aiplanes after failure of grof theengines. than the stall speeWs at low weight(85 kt, seeFigure 16).

Feathering the propeller of tioperativeturbopropengine is 1 eefore Vav i by regulatory definition depends orVs
not in this procedure, sindéyca is determined with the prope  ONlY: Vawin @t low weight and small bank andter this sample
ler in the position it assumes by itself after engine failurew-Ho airplaneis 1.13x Vgz = 1.13x 85= 96 kt.
ever, it will not hurt to check whether the propeller is indeed

featheredor to manually feather the propeller as soon asiposs 25017

ble to reduce thesgmmetrial propeller drag, therewith e- L \é 15 P

creaing actualV yca, and improvng flight safety. 0 4’“(,0 QU; 1X
As was explained before, thh,ca listed inflight manuas is h‘@%% ?CO ] é T

a standardized minimum control spefed maintaining straight %L\ \Qﬁ}‘ & 1> s

flight. ActualVyca might be lower(safer) for instance bcause \ }:‘ /

the center of gravitys forward(§ 3.9) or the failed engine is not Vo T igh weight X3 K /

the critical enging8 3.3). If the airspeed is not increased to a - - ¢ 4

value (well) aboveactualVyca before maneuving away from Voun T lowWweight N /

the i also called favorable 3°to5° of bank angle while the {1

thrustsetting of the opposite engine is higitraight flightcan ) ) | e

definitely not be maintaine@refer to§3.1). The airplane will Data bagis: analysis o g forany Vo

become uncontrollde and, if the altude is too low to recover,
. . . . . L -15 -10 -5 0 5 10 15

the flight will still end in calamity even after surviving the

dynamics of the engine fare itself Bank Angle (deg)

Besidescopying this improvedemergencyprocedureto all  gigyre 18. Effect of Bank Angle on Viyea and Vs, One Engine
multi-engine airplane flight manualst is reommended to |noperative, Maximum Continuous Takeoff Thrust.
includealsothecautions and notehat are presented in&3.

Unfortunately, actual Mca is not displayed (yet) on cockpit However,as was explained in 31, bank angé hasgreatef-
instruments or displaysThe Vyca datataken fromflight ma-  fect onthe actual value d¥yca. If the pilot does not maintaa
nuak and copied ta takeoff & landing data (D/LD) cardand ~favorablebank agle of 5° away from theinoperative engine,
correct procedures must be used inste®kfer to §10 for a  Putonly 3% theactual Viyca will increase to 95 kand is now

display improvenent poposaJ but notuntil afterreading 8. very close to the preflight caltated Voyy (96 k). If the pilot
would maintain an indicate@alibrated)airspeed equal 9,y
6. TAKEOFF SAFETY SPEED V, while the bank angle is less than 5°, or while keeping the wings

. evel following the failure of an engineontrollability prdlems
Takeoff safety spedV, is one of the procedural speeds use : . : .

for planning and performing takeoff with FAR/ CS Part 25 tthis low takeoffweightwill almost beunavoidable.
multi-engine airplanes. If the manufactu_rek_lad recanmended a 3° bank angle away
As the name impliesy, is supposed to be a safe speed durin§om the failed enginéinstead of 5°%)the stadardV a for low
takeoff, especiallyif an engine fails after passing dsion sped  takeoff weighs would have tobe the higher of 1.0 x Vyca at
V1. In the analysis below, mpeed data dhe sampled-engine 3° =1.10x95=104 kt and 1.1% Vs = 1.13x 85=96 kt, so
turbojetairplanepresented before in this repavtil be usedto  the actual Yy would have to be 104 ktV,yy for a takeoff
show that there is a very important citiwh to indeed mak®',  With the wingskeptlevel, should have to be recalculated ta01.1
a safe takeoff speed x 119=131 kt! This higher takeoff speed leads to longex-

V, as defined in FARCS 25.107(c) must provide at least a K€Off runs or less payload, which is what airlines do fike.

(certain) positive one engine iperative gradient of climb and Therefore_, Vica is being determined wh!le using a small bank
may not be less than angle; this keepsactual Vyca and therewith also YN lower,

required takeoff length shortéand prdits higter).

Normadly, while using a small bank angle aat high gross
weight, Vi is well above actuaVyca andi by definitioni 8
to 13% aboveVs. This isalsoillustrated inFigure 19 below.

Vowin May not be less than 1.%0Vyca for all airplanes. 1 Figure 19 is similar tdrigure9, but withVy data added. The
addition, a equirement exists fol,yy to be at least 1.08 or

o minimumV, (Vouin);
e Vg plus the speed incremeattainedbefore reaching 35 ft
above the roway level
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Voun data in this figureare calaulated usingVyca for 3° bank  evernot at their worstase value, actudyca might be lower

angle. than the published/yca and not increaseexcesively after
barking away from the favorable bank angkillustrated in this
260 - - paragraph This might be the reason tHallowing many engine
| 4-engine turbojet, OBI_ . — failures, control could bemaintainedeasily while the wings
240 1 Data basis: analysis™ . . ) )
1 .- were kept level following the failure of an engie duing a
20 .- training sesionwith an inoperative engineNevertheless, quite
Bank R o .
< 200 7 — -| anale ¢: a few actdents havealsolearned that after initiating a turn, it
k) : - gle ¢: X ) S
<1804 _.—-—"~ —_ o100 was imposible to end the turn and return to the original bank
g - . o angle because of insufficient contrpbwer, becausethe air-
S 160 - 5 X >
B 1 e e speedwas lower thanthe actual Vyca. Vwuca is definitely de-
g 1407 5 termined for a rasonand is also of relevance to pilots ‘who only
< use \5'.
100 77 V2MIN Vomin IS supposed to adat leasta 10% safety marg on top
80 T ———_ of the minimum control speedyca, butthat isobviously not
60 | the casdf the bank anglds less tharthe bank angle used to

determineVyca. The pilot assumes to be safdile maintan-

160 180 200 220 240 260 ing Vouin 0N the airspeethdicatorafter engine failure but the

Weight (1,000 Ib) actualVyyn he should benaintainingafter banking awagyrom
) ] the favaable bank angles manyknots higher Not maintaining
Figure 19. Effect of weight and bank angle on takeoff safety the favorable bank angleduces the safety margin required by

speed Vz. Viea with bank angle 3° was used here. FAR/ CS 25.107corsiderablyor even nulls it

The figure shows that, if the 3° bank angle that was used to As illustrated inFigure 19, Viyca is usually considered the
determineV yc4 is Not mantained,actual Vyca is almost always leading factor ér calculating M at low airplane weightsVs is
higher than V. If the pilotdoes not banl8® away from the the lealing factor for calculatingv, at high weightsand for
inoperative enginebut keeps the wings levefollowing the airplanes that are said to be controllable down to the stél.
failure of a engine as is being advertised in many engindncreases with weighandonly slightly with smallbank angles
emergency pralures,the actual \ca Will be 119 ktfor all  around wings lesl (by a factor of 14 ¢ @)s Referring to the
weights (Figure 19). For wings level and at gross weights ofanaysis above, it will be clear that\, is not only the leading
245,000 Ib or above, thactualV e, is just below the preflight factor for calculatingV, for low weights, but alsdor high
calaulated Voyn (122 ki). This implies that fathis weightand ~ weightsand for airplanes that are controllable down to the stall,
bank angle the 10% safety marginthat Vyy is supposed to if the bank agle is deviating from the bank angle used ¢ d
provide (above Vyca) is almost completely vanished takeoff — termineVyca, even if this igust a few dgrees. This however,
safety is at stake Therefore the consequence dieepingthe is never mentioned with thelcalationand displayof V.
wings levelfollowing the falure of an enginas that the actual  Figure20 belowshows the effect of bank angle and weight on
value of Vo should beincreasd to 1.1x actual Vyca  actualVycar and on éctual) \4 after failure of two agines on
=1.1x119= 131 kt tomaintain theregulatory intendedafety the same wing.Vycaz (With a bank angle 5° away from the
margin. inoperative agine)is 117 kt Vyyn at low gross weighis the

Since thendicated (calibrateddirspeedduring takeoff or go  higher of 1.1x Vyca; =1.1x117=129kt and 1.1 Vs=
aroundwill be Vy or alittle higher before and after engine 1.13x 85=96kt, so the actuaV iy would have to be 129 kt,
failure at or below 400 ftthe consequenseof banking away as shown inFigure 20. If the airplane weight is low and the
from the favorabldéank anglg3° to 5°away fromtheinopea- bank angle is 3° instead of 5° away from the inoperative engine,
tive engine) might be that the airplane will start drifting away thenactualVca, is dready higher than 3; the airplane will
from the runway centerline arttlat control will be lost already not be contrlableat or belov this 3° bank angle.At maximum
as soon as the wings turn through wings level. The airplageoss weightind a 3° bankingle 1.13x Vg=1.13x 108 = 123
might caitinue to roll into the deadngineside until the flight kt (seeVsline in Figurel19). HenceactualV ycaz is dominding
ends in calamity. If controls seem ineffectivehése mcom-  and actual Yy is still 129 kt(1.1 x actualV ycao).
manded yawing and rollinghotions thesecan only becoune-

ractedby immediatelydecreaing actual Vyca, Whichi at that L 255 o

timei canonly be achievedby temporarily reducing the asy \’ S :(<Iz) 3

metrical thrustwhich instaneneously decreasexctual Vyca to O‘X/o‘y’fé/ . g -

a more safe value.lf altitude is avdiable b exchanget for i < ‘%200 1y u

speed, that is an option too, hiis might take toanuchtime. \@/}) % ] E
Instrument flying procedures and departure procedures are J

simpler with bank angle zero, snay bebecause of the 8 to Vo - Allweiahtd N - //

13% magin of V,yn aboveVyg, it is often said that thevings 2un gnts NN

can be kept level while mataining V,. However, if the wings ] AR \< /

are indeed kept level, thactual Vyca is usually 10i 40 kt 166 =

higher than the flight manual listedyca (depending on & ]

plane type). Therefore, if a @edural) bank angle is to be dic. L. ] _Spfe for V|

usal that differs from the bank angle used to deterrvipg,, it Data bagis: analyis 56 — — M

is evident that (actual) Mheeds to be revised as well, to allow _15 -10 5 0 5 10 15
for the procedural wingkevel atttude to be safe.

Vmea is the minimum speeébr maintaining straightequiii-
brium) flight only, if an engine isnopestive. If one or more of
the variable factors that influendgca (refer to 83) are how-

Bank Angle (deg)

Figure 20. Effect of Bank Angle on Vuca and V,, Two Engines
Inoperative, Maximum Continuous Takeoff Thrust.
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