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EXECUTIVE SUMMARY

The aviation community has acliexl the lowestirplaneac- e
cident rate irhistory, althoughaccidentgollowing thefailure of
an engineor propeller systenduring takeoff, gearound and
accidentsduring training flights with an inopdiive engine
continue to happenuite frequently. The conclusionin 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 angbapers deal with thearly recognition
of propulsionsystemprobdems only. This paperreveals thereal o
cause ofmany propulsion systemmalfunctionrelatedaccidents
and presents many recommendations to impro\atienisafety

Propulsion systems rjginesand/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 tbe just big

The major conclusionsof this paper are:

Pilots are not maglaware thamanufacturers 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 listedV yca (@andderivedV,) to be \alid.

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 impossiblelitements

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 cresvdetemine,
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 flight test techniques requitetuse 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 factotBathave 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 uncontrollable airplane at onbigyc, aswell 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
contol) following the failure of an engine and do riesue
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 determine climb perfo

mance after engingilure: it might mean the differenceeb

caseVyca is listed in flight manuals, as a single number or in tween life and death.

charts in which altude, temperature and groueffect are often e
the only variable factorsThis also simplifiescalculatingV yca

Somedepartureprocedures require bank angles up tod&s
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 well as textbooks. Thesy 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 or during training flightsvith 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 engine.
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
and landing data card, onpéacard or as a red radial line on the
airspeed indicatoibecauseV/,ca and/ or \4 areof vital impor-

tance for maintaining control while an engine is inoperatigograms, etc.
decrease the number ofulti-engineairplane accidents due to

during taleoff, go-aroundandduring low speed flight.

this 15-degree 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 Vyca after engine failuréo asafe 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 hak 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 leger present on modern displagsslow
moving heading scale has to be useddad.

Many recommendationsare presentedh the paperto im-

prove regulatory paragraphs, flight manuals, textbooks, training

These improvements aranitefy required to

This paper an initiative of Harry Hdings of AvioConsult, tho- engire failure. y
roughly explainsVy,ca and most of the variables that urhce
Vuca and therewithV, and comments on existing regtibns,
flight manuals, textbooks and training programs.
Copyright© 2005AvioConsult s
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1. INTRODUCTION contrdlability of a multiengineairplanewhile in the air dumg
The vertical fin and rudder of a mukingine airplane areed takeoff and gearound ando present a few different options for

signed to counter the big asymmetrical yawing moment caus&@fitinuing the flight safelybringng down the engine failure

by the renaining engine(s) after engine failure. The aerodyna relatedglrplane accident rateThe first vesionwas publlshed_ in

ic side force that can be generated by the vertical fin and rudti& Aviation Safety Magazine of theofal NetherlandsAir

depends highly on the (square of the) airspeed. As the airspe@§ein 1999[3] and was written aftefour catastrophic ace

decreases, the rudder deflection has to increase since the erffifiés happened withoth propeller and turbofan milanesafter

thrust remains the sameHowever, there are mechanical limits €ngine failureswithin a short period of time Since thenthe

to the rudder deflection angle and the vertical fin is also limitéythor reviewedseveralflight manuds, relevanttextsin mag.-

in size. So there must be a lower speed at which the verticalZifiéS and onthe Internet acddent reports and sections and

plus rudder generate just a high enough side force to caheterParagraphs out of FAR's and C8fsthe subject of controllabil
asymnetrical thrust and maintain the heading. ty after engine failure It was concluded thahostof these pb-

#ications wereémperfect, in many cases/enincorrectand deif

The designers of the vertical fin know that the size of the g?ent

and/ or rudder deflection can be reduced by banking a &w ] ] ]
grees away from the inoperative engine. FAR 23.149, 25.14d°0r preparing thipapey USAF Test Pilot SchoolTPS tex-
and equivalent allova bank angle of mamum5 degrees.This books[_4] were _usedlncludlngt_h(_e USAF PaperProcedures and
small bank angle adds a component of tplame gross weight @nalysis techniques foretermining Vica' [5], as well asthe
as a side force to the othside forces that act on the airplane. formal FAA and EASA Flight Test Guids [6], [7], [8]). To
The weight and bank angle relatsitle force reduces the size ofiVoid proprietary rights pilems, no airplane data was copied
the vertical fin,which savesnanufaturing cost Therefore, the from formal airplane flight manusy instead, data resulting from
vertical fin including rudder ofa multrengine airplaness de- analysis using th¥/yc prediction techniques taught at ti®S
signed and builto a size that generatgist a highenough side [9] werereworkedand used These are presented paperThe
force for maintaining straight flight aftemgine failure, while Effect of Bank Angle and Weight on the Mmum Control
banking a few up to maximum5 degrees away from tha-i SPeed ¥ica of an Engineout Airplane[12].

opemtive enginedown to an airspeetthat is lower than or equal The author believethatit is very importantthat multi-engine
t01.2 Vs rated pilots, aviation authorities, accident invesigrs and

From the engineering or hardware point of view, there is-not€Xtbook writers, etchave a gooknowledgeof thereal value
ing wrong with this tail design approach, because it is inracc8f Vumca @ndVs, as well asof the variableshat have influence
dance withthe aviation regulations.During flight, thelowest ©n the value of Vyca. Most of thesevariable factors will be
airspeed for maintaining straight flight that was used for desigliscussedas will be the effecthereofon taleoff safety speed
ing the vertical tail can deviate from thetualin-fight value V2 A few 'secretsof flight-testingVyca as perforned by exe-
Therefore, lte regulations requiriight-tests to be péormed to rlmenta] test pllqts andlllgh.t-Fest .eng.neerswnl be revealed
deermine the airspeed below which straight flight cannot t€veraimperfections andeficiencies ifFAR/ CS 23 and 25n
maintained after engine failure During testing, the flightest flight manuas, in training manualsand in textbooks will be
crewwould normallyuse the same bank angle that was used §#scusse@ndrecommendations for improvement are irdzal
design the vertical tailThe measuredowest speed for maintai Although textand figuresmainly presentpropeller airplanes,
ing staight flight while banking the same bank angle as walse theory also applies to turbofaquipped aplanes.

used to design the vertical tad called the mifmum control |4 this paper minimum control speedheans directional mk
speed in the air(yca) andis to be published in the Airplaneimym controlspeedin the air Lateral minimum control speed,
Flight Manualas an operational litation which isapplicable to airplanes with powered lift devices or very

The problem is that nobodgwer told the airline pilotgyet) big propellers,will not be discussed, nowill ground mhimum
about thetail design limitations which are in fact hardware control speed/\cs. This paperis not applicable to mulé&ngine
limitations, and about theank angle that needs to be applied fairplanes with two ircenterline enginesither.
Vuca to be valid. Hence, jdots do not know that they should
maintain straight flightonly while also maintainin@ small bank 2. AIRPLANE CONTROL AFTER ENGINE FAILURE
angle away fro_m the Inoperative engine for thetival fin to be For equilibrium flight, balance is equired ofthe forces and
able to maintain th_e ?q“"'?““m Of S|de_ forces and yawing rnmoments(a noment= a force x its momentarm) that acton an
ments, because this is neitheegaribed in the Airplane Flight _. . . . : .

. . . ._airplane. This also applies after engine failur&helift or force

Manual nor included in the eimg emegency procedures. This h d iairfoil prod b d with
is, to the opinion ofhe authorwhy accidents after engine liaie that an aer02 ynamiairiol produce can be expresse V\.m

! X equation¥spV<°SG_, in which p is theair density V is theair-

happen. Pilots of Part 25 airplanes us&eoff safety speed vV . L
affc)ipnot \iica anymore Howe\t)ervz is derived fron%//M(F:)A anél speedandsS isthe surfacearea of theaerodynamic airfoil C_,
: doesnot only dpendon theshapeand other characteristias

stall speed/s, makingV yca important to all multiengine pilots. SRR °
the aendynamicairfoil, but also orits angle of &ack o to the

Vica i in fact a sofware fix for a hardware shortcoming incoming air stream Airspeed V has a significar(squared)

The signififancef(t)f Viea forf t_:we controllab”ili(tjy of a mucliti_ influenceon the generated lifbr force The lift equation does
engineairplane after engine fallureseemswell documented In . o0y apply tohorizontal airfoils, but also to the vertical fin

fF.ed?fa' Ac\:natlon dReg_ulr?tlm(FAaRg, E'S‘SA Cé)ertlﬂct?tlc_)_n_Spf)ee and rudder.In the figures presented belonot all of theforces
__|c_at.|ons( |Sf)?1n in I'Ig glm\?nu ag/ t‘i;(t ooks gﬂ' In ‘?‘l;t and nomentsthat act on an airplanare shownand theshown
I itis not If theapplicableViyca and/or V, arereadilyavalla- - onaq are not to scaleThe power orthrust (T) of engines -

?Iﬁ to pllot_sb:_forr]ee\_/erylta_keoff gr gearoun_d w?y dq en%i’:_e pends on the engine characteristisgd mostly als@n air tem-
ailures or in-flight simulationor demonstrationof engine fdr perature, pressure altitude andspeed.

ures duing training still turn into catastropheso ofter? Many . . o
publications were written ta@nswer this question, but most After engine failure the power or thrustdistribution on the
reports ancpapers onlydiscussthe earlyrecognition of engine &irplane isno longer symnteical. The aymmetrial thrust (T)

problems for instanceeferencegl] and[2]. generates a yawingoment (N) that, if the airspeed is lowand
the thrust is highrapidly yaws the airplanghrough a large angle

It is the objective of thipaperto answer thigjuestionby tho- ien the direction of the failedr inoperativeengine The drag of

roughly explairing the effect of an inoperative engine on th

Copyright© 2005AvioConsult 1
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the propeller of thdailed engine, unless feathered, adds to the The pitching momenthangecaused by engine failure is small

asymmetrical thrust T.

and the elevator isighensioned to be able to handle the change

A sideslip p develops, which instantaneously increases t&@Sil¥
drag (D) and hence decreases (climb) perfnce and airspeed. After an engine failureduring takeoff or go-around big
The vertical tail generates side forcg due to sideslip that is changes in forces and moments occur due to the Isighree-
stabilizing because the moment, fhat this force generates, trical enginethrust andthe limited control power of the aergel

wind (weathercock stability).

destabilizing side force T-sph
(in front of the center of

the thrust setting is high.

blown wing sectior{s) behind
the propellefs) of theoperding

engings) producemore propu-

sive lift than the other wing
which generatesa rolling no-

ment (L) into the failed or

inopeetive engine.

Sideslip also generates alhog

momentL, causedoy blanking
of awing, in this @ase the left
wing, and by therelative wind
blowing under thehigh wing.

Figure 1. Motions after engine
failure 7 turboprop.

tends to return the nose of thehamic controlsurface a t _ _ _ (
airplane back into the relative Namics and motions can be veryleit. Motionswill continue

On propeller airplanes, the

| ow $)p hedesultifig ¢V

until a newbalance of forceand momentss estdlished If the

The sideslipalso generates a airspeed and attide are both low, this might never happen while

the airplane istill in the air. Turbofans after failure take lorg-
er to spool down, sthe d/namics ofengine failure might not be

gravity) generated by airflow @S violent ashe dynamics after engine failure tofboprops In
bending on all propeller discs@ny engine failure casthecrew response tapropusion system

or turbofan inlets, as long asMalfunctionmust berapidand appopriate

2.1. Recovery

To recover tosteady straight and controlldtight, first the
airplane motion must be arrested as soon aslgesgs prevent
anuncontrollableattitudefrom developng. The controls aveat
ble to the pilotsfor recovery are aendynamic controls like
rudder, ailerons and elevatdout also propusive directional
cortrols: the throttlesor power levers A rudderis normally
sizedi and on big airplanesoostedi to be able toprovide
enoughcontrol power tocouneractthe yawng motionsgeneré
edby ssymmetricalenginethrustafterone or twoengines fail on
the same wingdown to a certaiminimum controlspeed Aile-
rons have small control power undew speedconditionstoo,
but are- on some aplanes- assised by powerful spoilers. All
pilots are awarehough that the downward deflectionof an

The symmetricalslipstream of the propellers will also haveyjieronincreases the local angle of attaskthe wing section in

effect on the vertical fimssideslipp 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 siddlip, the diredral
effect and thesweptwings.

Without appropriate crew
response to propsion system
malfunction, the rolling ration
will continue under infuence of
the dihedralof the wingsor, on
propeller airplanesunder infl-
enceof the aymmetricalpro-
pulsive lift. Ailerons might not
be effective enough toounte-
ract the rolling momentf the

Wesi B ng'SinB airspeed is low then goilers
‘Sin ¢ VW might kick in to assist. This

generatesadditional dragand

Figure 2. Motions after engine

failure T turbofan. performance.

The side forces wilktart @-

deteriorates the already reduce

front of thataileron which’ if the arspeed is low might lead

to a partial wingstall that cassesan uncommanded rolivhich

only aggravatesn already criticakituation Aileron deflection
alsogereratesadverse yavand additionatiragthatboth increase
the asymratrical thrust momeni; as well.

The moments needed for reemy after engindailure are a
yawing moment N equal to and opgite of aymmetricalthrust
moment N andalsoa rolling noment L.
The side force due to ruddesfigction

Y . .

‘o, %\A% Y5 can provide a yawing moment N,
NB+NSr Ys ' thatadds to theyawing momentN; due
to sideforce Y (thatnormally provides
the weathercock stabilily The rudderis the only aesdynamic
control available tobalance or counteradil;. The ailerons
(supported by spoilersdre usedo balance the propsive lift
momentlLy andtherolling momendue to siddip Lg.

If the aerodynamic contrgdoweris insufficient to recover to a
safe equilibrium under highrsgmmetricaltthrust conditionsthen
the airspeed idelow the actualminimum control speed Nor-
mally the elevatofpitch control)is used taadjust the flight pth
and therewitho increase the airspeed as requirétbwever, if
(?nhe airplane is just after liftoff andtill close to the grounthis

ight not be an optionlf rudder andor ailerons are not efte
tive enough toprovide the control power needed facovery,
then he only option left is todecreasethe problemcausing

celeratingand consequently ghlacingthe airplane to the deadasymmetricalyawing momentN; androlling momentLy. This

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

can beachievedy partly closing the throttlef the engine opp
site of the failedr inoperativeengineto reducethe asymmaeric-
al thrust momers Nt and propulsive lift Ly to alevel thatis

nose of the aplane to the ground This of course is just one equal to odower thanthe aerodynamianomens that are being

possible scenarioNevertheless, this actually took placturing
severalacddens. The crew could notput an endo this out of
control situation bcausethe aerodynamiccontrol power of the
control sufaceswas not high enougtue to atoo low aispeed
andi even more impanti because the crew wastrfaniliar
enough withcontrollability of the airplane after engineliaie.

generated by ruddgNs, ), vertical fin (N;) and aileronsat that
very instant(and speed) The throttle of the oppositegine has
very big control power becausedecrease or evennulls the
asymmetrical yawing momenton the airplaneand decreases
propulsive liftLy. Of coursethis propulsive controlaggravates
an already critical performance probletime overall perfonance
is decrease for a while(until control is regained Nevertheless,
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controllability is more vital to survival than performance, eesp

cially if the altitude is low duringakeoff or gearound; avingtip
hitting the groundfirst causes morérouble thana wingslevel
landing in the dirt.

The required control inputs theroll and yaw ags to stop the

dynamicor transientmotions after engine failure and return to

stabilized flightwill be bigger than for maintaining eqgbitium
straight flight. Therefae, botha static anda dynamic Vca
(transient effecty are determined dring experimetal flight-
tess. Theseflight-tess will be briefly describedlaterin this
paper(§ 4).

Using the explanation presented abogr,engire emergency

procedurefor recoverycan be drafted to establish straight flight |35a

following the failure of arengineduring takeoff or gearound
This procedure is applicable &i multi-engine aiplanes

¢ |dentify which engine failede.g.dead leg¢ dead egine);

e Apply both rudderand aileron away from the inopetive
engineto recover to straight flight

e Increasethruston remaining engine(¢p majxmum availa-
ble (takeoff) thrust
Note If rudder andlor ailerors do not generate enoughreo
trol power for reovery,redu@ the opposite throttléemp-
rarily as much as requirggropulsive catrol);

* Increasenirspeedusingpitch contro] if feasible to the best
single enginerate of climbVysg or to the best angle of
climb speed/ysg, or totakeoff safety speed,, etc.

In § 5, after thoroughly describing the effects of an inepee
engine on the controllability of an airplanehis emergency
procdure will beimprovedwith a life saving addition In the
paragraphs to follow, sewdroptions 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 and maents for asafestraight(equilibium)

flight. Three combinations ooptions that are most relevant to

takeoff andgo-around will be discussed A fourth option,
straight flightwith no rudder inpytis presented for refence
purposes only.

The optiondo be dscussed 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 the dg isas low agossible andhencethe dfect ofan
inoperativeengine on airplane performancemiimal;

3. Straight flightfor certification(¢ = 5°, or the number of &
grees specified by the applicaatyay from the inopetive
enging, which is alsothe equilibrium of lateral and dire-
tional forces and momentssedto determineVy,ca during
experimentaflight-teging;

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

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

In the accompanyindfigures below, not all forces anaho-
ments that act on an airplane are shoovity the most important
ones.

After failure ofthe left handengine(#1) on our sample muki
engine airplanethe asymmetricalthrust T of engine #2ere-
ratesa yawing moment Nabout the enter of gravitytha can be
balancednly by a yawingmoment N; generated by mder side
force Y (82.1). However, Y alsocausessideward acceler
tion and hence sideslip builtup. This sideslif cawsesa side
force Y;; opposite of Ys,, an'air-bending'side forceT sin 3 anda

side component of the drag, that
all decreasehe sideward aee
leration. The yawing moment
Ng, generated by ¥ adds tathe
asymmetigal thrust moment
Nr. Therefore, the rudder
deflection needs to be increased
to counteract this moment as
well. Aileron deflection 8, not
only generatesa rolling no-
ment Lls, to counteract the
propulsive lift momentLy, but
also an dverseyawing moment
N;s. for which also additional
rudder deflection is required to
compensate for.On turbofan-
equipped airplaneshe defle-
tion of ailerons might be diffe
ent from the deflection in the
figures, because turbofans do
not generate propulsive lift.

With the wings kept level,
the only side force availabte achieveabalance of forceis the
side force due to sidesliy.

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

The airpeed can beatreased untititherone or moreof the
following limitations are met both with the trims at normal
setting

¢ Rudderdeflection is maimum or pedal force is 150 1667
N) or 180lb (FAR/CS and military requiremens, respe-
tively);

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

Below this airspeedstraight flight cannot be maintaine@here-
fore, this airspeeds the actual air minimum control speed
Vuea for flight with the wings level. 'Actual Vyca' in this
papermeanghereal and instantaneods,ca in theactualconfi-
gurationwith the actual values of allariablefactors that influ-
enceVyca and not the worst cag#f the valuesused ¢ dete-
mine theVyca that is published in flight manualsThesevaria-
ble factors and their worst case valuedll be discussed irdetail
in §3.

Conclusion. Straighti equilibriumi flight following engine
failure while the wings are keptlevel requiresa sideslip angle
anddeflection ofboth rudder and aileromo balance forceand
moments

The disadvantage of thisteral and directionabalance of
forces and momenis the draggeneated by thesideslip, which
decreaseslimb performance. Furthermoredue tothe sideslip
anglep, the prop wash ahe innerengines of a 4 or moreengine
airplane €¢2 or #3) mightdisturb the airflow around the vertical
fin, affecing the local angle of attackndhenceinfluendng the
maximumobtainableruddercontrol power.  The stall charaet
ristics are dgraded as well

Although a good and easy to fiyraight flightwith the wings
level can be achieved sideslip is required. HE dragis not as
low as possibldo achieve maximum takeoperformance As
an exanple the sideslipangle required fostraight flightduring
testinga small twinengine airplanen a certain configuration
with an inoperative enginendlevel wingswas 14 @grees.

oﬂo

B
ul

Figure 3. Straight flight with
wings level.
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2.2.2. Straight flight with zero sideslip (B = 0°) 2.2.3. Straight flight for certification (¢ = 3°1 5°)

If sideslipp is zero,there will be ncside forcedue to sideslip A smallbank angleaway from the inoperative engidecrea-
(Yp). As explained in the previous paragrafesides rudder €s the rudder guirement and therewittlecreasethe air mini-
and aileron deflection to balance the asymmetrical thrust mnum control speetf yca as was explained in the previous gar
mentsN; and Ly, anotherside force isdefinitely requiredfor ~ graphs In other words, pplying asmall bank anglelecreases
straigtt flight to balance isle force ¥, and prevent the airplaneactualVyca and therewithincreases the small margbetween
from slipping againto the dead engine sideThis forcecan Vwmca and theairspeedduring taleoff, which increasesakeoff

easily begeneratal. The tail design engineer already used it &afety. The small bank angldecrease sideslip3 to aimostzerg
the drawing board for sizing the vertical tail which is favorableo the remaininglimb perfamance

Zero sideslip is very difficult to determine -flight because
a component ofthe weight ‘ sideslip angle B cannot easily

vector acts as side forcm the °f° B b.e measured and displayedA
center of gravity(§2). This (y ) 3 simple means would be a wo

) ) ‘-‘w.. .
side force Wsin¢ can also be Nt~ A iﬁgttggeosnntgtelxﬂdseiree?g;
usedto replaceY and achiewe TT very p

straight flight after engine X ; sionally.. A bank anglehow-
U g
Y N
— ¥ -

failure. It gererates no rolling ever, can be read directgnd
‘NSa Wsm ¢

When an airplane ibanking,

or yawing moments because fairly a_lccuratelyfrom the att-
this forceacts in the center of tude déplay (ADI or FD).

gravity (the moment arm is The maximum allowable
zerg. Side forceW-sin ¢ varies bank angle is 5 (FAR/CS
obviously with weight (W) and 23.149 and25.149[8], [10]).
bank angle (¢), acts in the The reson for this 5° will

direction of baking andis zero become clear in 8.1 The
if the wings are level applicant (marufacturer) may
(sin0°=0). select a bank anglkhat will be

used todetermire the Vyca Of

fevl\? Zigurf:; gsvr;k a?ﬁ)ﬁ ist:e J)\ the airplane In most cases, this
Figure 4. Straight flight with . 9 Yy . Wy | bank angle will be &ween 3
L inoperative enging  which d5°. A bank leof 5°
zero sideslip. generatesa side force Wsin ¢ Figure 5. Straight flight for ﬁqnost .Often aﬂse%ngneo mul;i
oppositeof Y, asis requiredfor thebdance oftheside forces certification. engine aiplanes with straight

In this zero sideslipzase the ruddersideforce Y, only has to wingsand isvery close to the bank angle fetraight flight with
generate a momenoif balaring Ny and N, (adverse yawpnd ~Zem sideslipas well asfor lowest drag, whichi againi is im-
does nohave to overcome Yand the other side forces duepto Portantfor (remaining)climb perfomance(§ 2.2.9. Using S’ of
as wel| soless rudder deftgion 3, is requiredas compared to pankon straight Wlngglrplaneswlll result |n.only§1 smalladgs-
straight flight with wings level of the previous paragraph lIP anglep of approximately3®. Swept wing aiplanes might
Therefore, theairspeedcan be further decreased untilgainthe ONly have to use 3° of bank for lowest draggure16 illustrates
rudder and or aileronlimitations are reached that were listed irfhiS- AS will be shown later, even this small 3° bank angight
the previous pagraph. prevent ecatastrophi@cddentafter engine failure

The speed at which this happessthe actuakir minimum  Figure Sshows the most important forcesdamoments for
control speedVyca for straight flightwith zero sideslipn the thislateral and diretional balance of forces and momentshis
given configuration Flight-testinghas shown that davorable Caseis usually used for determininghe Viyca thatis listed in
bank angle ofonly 3 — 5 degreesaway from the inoperative fight maruals.
enginegenerates side forceW-sin¢ that isbig enough to e- Conclusion Straighti equilibriumi flight with a small bank
place Y, andthe other side forces due p. W-sin¢ generates angle (3 i 5°) away from the inperative engine is ratively
no sideeffectssince it acts in the center of gravitfhe ball of €asy to flyusing the cockpit displayand providesa lower and

the slip indicator is in this case abculf a ball width to the theewith more safe actualVyca. The drag will be minimal
right (into the good egine). which is favorable to the remaining climb performance with an

inoperative engineTherefore, thidateral and directionaéquili-
brium is used durindlight-tesing to detemine theVyca that
will be listed in flight manals.

An example: lhe actualVyca of a small twinengine airplane
in a certain configuratiomluring tesing decreasedfrom 58 kt
with the wings level to approximately 53 kttia favorable
bank angle of 5°. This small bank angidds 5kt or 10%o0f 2.2.4. Straight flight with zero rudder (8, = 0)

'safety’. As will be shown later, the decreasfeactualV yca will To completethe overview of fourof many possible options

be much higher on biggerplanes. for lateral and directionabalarce of forcesand momentgor
Condusion  Actual Viyca during straighti equilibrium i straight flight while an engineis inoperative Figure 6 shows
flight with zero sideslip is lower thaactualVyca With wings straight flightwith zero rudder Y; is now the onlyside force
level, leading to the conclusion thahe margin between thehat can provide the momei, required to act againdty.
actual takeoff airspeed and the acwiaminimum cantrol speed Therefore the sideslipangle needs tbe quite casiderableat
during takeoffincreasesf a small bank angle is used, whichoy ajrspeed or thairspeed needs to be high enough to generate
means thathis small bank angle increastse safety consider 4, appropriate side forcé,. Side forceW:sin ¢ is in turn re-
bly. For takeoff and g@round after engine failure, it is impo quired to balancer, + T A.sThebank angle iagainaway
tant thatthe remainingperformance after engine failure is ma from the inoperativ[éengine and will usuly be around8 degrees
imal,_requ_irir_lg thedragto beminimal, which W"Lbe “18. case_if t high weight and bigger at lower weightShis option for
thesideslip is zerand a small bank angle of 3° to 5° is attaine raight flight might look dtractive because no rudder input is

and mantained required. However, the sideslip angle3 at low takeoff or ge
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around speed can be quite engine(which in itselfis safe}, straight flightusinga bank angle
considerable(more than 20°) in excess of Saway from the inoperative engime not recm-
leading to high drag (which mended bcause of the risk of fin stalin addition, performance
should be avoided duringat decreases as wellThesearethe real easos that this5° limita-
keoff) and to a high local angletion exists in FARCSand Military Specications

of attack on the vertical fin
which might lead to fin stall
and consequentlythe loss of
directional control. The atual
Vwuca With zero rudder is higher
than when rudder igdeflected
to bdance forces

A bank anglep less tharb® away from the inoperative engine
or into theinopertive engine &s will be the case durirgturnas
shown inFigure 8) decreasg or reverseghe drection of side
force Wsin¢. This will causea sideslipto the left and side
force Y to devdop to the right, increasing thetotal yawing
moment Ninto the inoperative engine To counteractthis in-

) ) creased yawing momerils, needs to be increaség increasing

Conclusion. The dagduing  the rudder deflectiors,. However, if the airspeed is as low as
straighti equilibrium 7 flight /'~ “anq hencehe rudder is alreadgalmost)fully deflected,
with zero rudder is mu_ch ng the required increas# Nj, with
gvg:agr:g t\r/]v?tr?aasezr;v:l? \Q’;‘?‘S of° @\B Ys is not possble unless the
angle away from the failed ‘_;. airspeed idgncreased sinceth_e
engine. Thiption for stréght Nr 4 control power of agodynamic

L9 L surfacess a square function of
Figure 6. Straight flight with flight is thereforedefinitely not the airspeed ( N2 see §2).
zero rudder. reconmended du”ng ﬂ|ght

following anengine failureand This required increase of rai
9 9 speed forstraight flight with

this bank angle change leads to
a higheractualV yca.

In other wordsif the arspeed
is as low aspublishedV yca (at
which speeda straight flight
equilibrium can be matained)
awings level attitude or bank

with an inoperative mgine

3. VARIABLE FACTORS THAT INFLUENCE Vmca

Many variable factors have influence tre value of Vyca.
Besidesthe already discussedfiuence ofbank angleon Vyca
(throughside forceWsin ¢), anyfactorthatinfluenceghethrust
or drag symretry in the yaw antlor roll axesandthatrequires a

changeof rudderor ailerondeflectionto compeasate for, will ' ] ing maneuvein the direction of
have areffect on thevalueof Vyca. In the paragraphs below, &, == Y the inopertive engine causes
most of theevariable factors will be dcussed. The valuiat STy B the aiplane to start iping to
tors Wit be : i Wsin ¢ g} plane 1o start siping
a factor should have during flighesting to determin¥ yca will 0L that side  Sideslip angle and
also be presentedSinceVyca is used as one of the factors to v dragbothincreaseperformance
calculate 4, this paragaph is applicableto all multrengine Figure 8. Banking into the and altitude both decreaself
airplanesincluding Part 25 airplanes inoperative engine. rudder and or aileron deflection
3.1. Effect of bank angle and weight on Vyca were maximum before banking

(as was equired forstraight flightif the airspeeds Vyca), it
might not bepossible toreverse thébank angleunless theair-
speed isnicreasedirst to a value well abov¥ ¢ or the thrus
asymnetry is temporarily reduced (82.1). If the altitude is
low, the requiredincrease of airspeewchight not bepossible at

A bank anglep of more than all; the airplane isalreadyout of control andlisaster is imma
5° away from the inoperative nent. Therefore, if rudder and/aileron deflectios are (near)
engine (seeFigure 7) incre@es maximum, do not bank away frotine favorable3° to5°.

side force Wsin¢, which (in Figure9 below shows the effect of bank angle angdross
this example)causesa sideslip \ygight on Vyca (through side force W-sip) for a sampled-
to theright. Consquently, &de  gngineswept wingairplanewith one outboardengine (#1) in-
force Y; develops tothe left, gperativeduring straight, constant headingg Tlight and with
reducingtherudder requiement  the emaining engines producing maximuavailable takeoff
(Yer) for straight flight Since thrust The data basis ithe result ofanalysisof the stability
the rudder is not fully deflected derivativesof this sampleairplane whilethe thrustis asymne-
arymore, the airspeed can berical [12]. Actual airplanedata could not be usetecause
further decreasedintil again the marufacturers are very hesitant in allowing the use of their
rudder deflection or pedal force proprigary airplane dataA positive bank agle is in this case a
is the maximum allowed (see pank angle away from thedperative engine #1.

ﬁé‘iﬁigﬁnHznggﬁkhinrﬁ‘;ﬁgg On this sample airplanghe V\yca determined by analysis
than 5° a\?va from theg ino (prediction [12]) is below stall speed a bank angle of 5° would
. away PET pe used The airplandlight manualwill thenstate that the &i
T tive engine isthat actual Vyca . ) . S
Wy / would decrease However plane iscontrolleble down to the stall Flight-testingthis ar-
: . .~ planewill have to confirm thaWV yca is indeed lower thal's.
Figure 7. Banking more than becausethe sideslip angldn- .
5° away from the inop. engine. Creasesthe angle of attack of If the manufacturer had opted for a bank angle of 3° away
the vertical fin is increased from the inoperative engine for determinigca (3° line in
which mightcau flow separatioroff the vertical finandeven-  Figure 9), then the Vyca of the airplanefor this configuration
tually causethe vertical fin to stall AlthoughVyca might be Would be 95 knots calibrated airspeedind the actuaVyca

lower if bank angle) is more thar6® away fom the inoperative Would cecrease with increasing weighwhich is favorablefor
maintaining control after engine fare This decrease ialso

As wasalreadyexplainedin § 2.2.2above, a small bank angle
away from the inoperative engimiecreasgthe atual air mini-
mum control speellca. Below, the effect ofa change obank
angle and weightn Vyca will be discussedn greater detail
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Figure 9. Effect of Bank Angle and Gross Weight on Vyca i
One Engine Inoperative, Maximum Continuous Takeoff Thrust.

very common for straight wing turboprajrplaneswith 5° bank
If however highest gross weight would have been chosen
determineVyca, thenthe actualVyca for any lower weight is

higher andpilots would have to use weight as entry variable to

determine the actudyca; this would equire bo much data and
be too complex.Low weight isthe worstcaseweight for dete-
mining Vyca andis therefore used during flighestingand thus
for listing Vyca in airplane flight manuals

Things change dramaticallfor this and other multengine
airplanes if a bank angleis not maintainedaway from thein-
operativeengine If the wingsare keptevel, theanalysis shows
thatactual \{,ca for this sample airplanén this configiration,at
all gross Ww=0)wih hagse bécowddddkin 24 kt
higherthanV yca with 3° bank away from the inoperativegine
and 11kt higher tharthe stall speedVs at high weight At or
below anairspeed of 119 kttmaight flight cannot be matained
following the failure of aroutboardengine while the wings are
kept level and the opposite engine is ahaximum available

takeoff thrust sing, and also provided the other factors thagngine failure in the takeofbr cruise configuration.

have influence oW yca are at their worstase values

Actual Vyca Will be evenhigherif the bank angle is only 5
degrees into therrong side, which is into thiailed or inopes-
tive engine more thanapproximately 85kt aboveVs for this

determineVyca: between3°® and5° away from the inopative
engineas opted by the manufactureMaintaining this smal
bank angle istherefore essential forthe takeoff and inflight
safetyafter enginefailure or while an engine isinoperativefor
this airplane and most probably for all mgtigine aiplanes

Conclsiors.

* Vyca published in flight mnualsis a constantalue but
actual Vyca varies considerably with bank anglectual
Vuca is definitely not a constargirspeed

Actual Vyca increasesnanyknots (at highpowersetings)
if the wingsare keptievel, instead of bankin@°1 5° away
from the inoperative engin The increase will bemaller
on straightwing airplanegapproxmately 10 knots)

Actual Vyca increases even more whileameuvering into
theinoperativeengineside If actualVyca increases above
the indicated (or calibrated)airspeeddue to a changef
bank anglecontrol will be lost right away.

TheVyca that is published in Flight Manuaits a minimum
speed fomaintaining a straight flighequilibrium following
the failure of an engineand isdefinitely not a minimum
10 speed for maneuvering theplane.

Thesefacts abouthe effect of bank anglend weighbnV yca
arenot elaboratedn mostflight, trainingandoperatingmanuals
nor in manytextbookson asymmetical flight, norin FAR's and
CSs. This might very well be the real cause of mamngne
failure related accidentdViore on this subject will fidow.

3.2. Two engines inoperative

On 4or moreengine airplanes, two engines might occadiona
ly be inoperative simultaneously, for instarafeer simultareous
bird ingesion or following the failure banother engine Thee-
fore, for 4 or moreengine airplanes, bothca1 and Vycaz
(Vmca With one engine (1) and two engines {B) on the same
wing inoperative respectively) are determined and presented in
the flight manuals of theserplanes. FARLCS 25 do not use
Vmecar andVycaz, but useVycr andVyerz (Vwea for landing
configuration)only. FAR/CS do obviously not anticipate a dual
The
FAR/ CS requirements fovyc_ do not make any differenceff
theexplanation irthis paegraph.

Vuca1 1S the Vyca, that isthe minimum approvedflying
speedin anticipation ofthe failure of any onengineof a 4 or

sample aplane. The 10° line is presented too and speaks fonore engine airplaneAfter any one of the engines failed or is

itself. The incrase of actuaVyca On straight wing airplanes
will be smaller, but still a factor to ceider.

The powerful adverse effect of side forcesi¢ (if ¢ is to
the wrong sidetan be observeid Figure9. Of courseVyca is
the minmum speedor maintainingstraightflight (equilibrium)
only, which an intentional turn is not, but the control povedr
rudder and aileronmight be inséficient to be able toend the
turn and return ta wings level attitude once the airplane is
allowed tobank away from the favable 3°i 5° degrees The
remaining control power &t yca is not subject of flightesting,
and may thefore not be counted on.

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

TheVyca that islisted inflight manuas isalways dtermined
using the lowest possible gross weight a bank angle of 3° to
5° away from the inoperative engine, whiphovides a safe
Vuca Whatever the airplane gross weight iBhis in fact means
thatthis listed Vca is only safeon the condition that the ban
angle is 3° to 5° away from the inopéive engine.

Although the flight manuabf this sampleairplanemight state

that the airplane is controllable down to the stall, this will on
be the case as long as the bank anglthéssame as used to

inoperative,Vyca2 Will have beome the minimum aspeed for
mairtaining airplane controin anticipation ofthe failure ofa
secondengine. Vyca» is much higher thaVyca; because it is
determined after shutting down the i@ engine as well as the
enginenext to iton the same wing On a 4 or moreengine
airplane, he asymmetrical thrust moment wiitlenbe as high as
it canget Vycaz iS also to be used as the mimum control
speed after failure of any two engines and not only for two i
operative engines on the same wing! Thkig ofVyca,, again
represents a worstaseairplane configuration

In Figure10 below, the effect of bank angle and weight igpr
sented fothe same 4ngine turbojet airplane as usedrigure9
on page 5 for the orengine inopeative case. As showim the
figure, Vucao from this analysis is expected to b&7 kt. This
Va2 is determined with the lowepbssble weight (160,000 Ib
in this example) and with B° bank angle away from the inape
ative engineas well as other standardized test condgtiolf the
gross weight is above 225,000 b a2 is below the stall speed;

K then theairplane is caotrollable down to the stallbut only if

bank anglen is 5° away from the failed engines. A bank angle

n of 3°, less than 3° or to the other side increases a¢ipal
bove the stall speeds\Mor these weights.In paragraph6 on
keoff safety speed,, Figure10 will again beused for analy-

ing takeoff safety
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Figure 10. Effect of Bank Angle and Gross Weight on Vycaz i
Two Engines Inoperative, Maximum Continuous Takeoff Thrust.

|
TheVyca» Used in this example is obtained from analysis thq%

is normally peformed before flightesting Vycaz to predict
Vuca2 @s well asany control limitation that might be encou
tered during testinfL2]. Actual flighttesting is alwaysequired
to determine the rea&V\ca, that is to be published in flight
manuals.

As can be observed iRigure 10, banking away from théa-
vorable 5° bank anglduring straight flightinto the other side
will increase actuaVyca, in the analyzed configationto 190
knotsat low gross weightindto 213 knots at high gross weight
which is 73 kt respectively 96 kiabove the standambd V ycaz
that is listed in the flight amual. Compare this chart alsotte
chart inFigure9 in §3.1for one engine ingerative.

These graphshow that therelefinitely is a reasorfor maintain-
ing a small bank angle away from the incgiizte engine.

Procedures for garound if one engine is aady inopeative
require the airspeed to becreased first to at leasty¥a, by
accetrating down the glide slop® exchang available altude
for airspeedand by using symmetrical thrust only. Asymmetri
al thrust may be addegrovided diretional corrol can be
maintained. Any increase of asymmetrical thrust iregedhe
requirement forudderdeflection, which increases actudfyca,
andshould be accompanied by gradual kiag to a bank angle
of 5° away from the inoperativangine.

3.3. Critical engine

During low speed fligh{includingtakeoff andgo-around)the
angle of attackx is increasedor the wingsto develop thee-
quired lift, as shown irFigure1l. The elative windnot only
hits the lift-producing wings
with the increased, but also
the propeller blades. This in-
crease affects the resulting

as is illustrated irside views in
Figure 12. V, is the rogtional
speed of theropellers;V is the
forward airspeed of the gilane.
The resulting blag velocity is
shown with a do#dvector. The
top half of Figure 12 showsthe downgoing or descending pf
peller blade andhe righthand side shows the anglef attackof
two propeller bladegboth at the instant they are horizontatd
theresulting thrust T aftethe o of thewingshas beenricreased.

Theay, (b = bladg of the desceding propeller bladen Figure
11 increasesf a is increased asan be observed from thigfi
ure, sothethrust Tof this blade increasesy, of the ascending

Figure 11. Side view with Lift,
Drag and Weight vectors.

Figure 12. Thrust distribution
on propeller blades, side view.

",

propeller blade etreases, sahe
thrustT of the bladeon this side
of thespinner @creases

At low speed when « is in-
creased, the thrust vector of
whole propellediscshifts in the
direction of the descending
propellerblade This asymmne-
trical loading of the popeller
disc is also calledP-factor, see
Figurel13. If thepropellersboth
rotate clockwise, the the mo-
ment armof the propeller thrust
- on the left wing(T,) decreases

and the moment armof the
propeller thrust on the right
T2 AmT, wing (T,) increaseswith in-
‘_1% creasinga. Then the yawing
P S moment of engine #2
«— (T, x amT,) is bigger than the
T, Arm T, yawing momentof engine #
| (Tyxam T;). This effect is
also noticeble during normal
J alli enginesoperating opem-

tions at lowspeed(when o is
high), when a rudder inputwill
also be required to coumract
the differencein thrust yawing momentsfor maintairing the
healing.

If engine #1fails, the total remainingthrust momentNy (in
this casegenerated byrgine #J is bigger than the remaining
thrustmoment if engine #2 would fail A biggerasymnetrical
thrust momeniN; requires greaterrudder deflection ta@oune-
ractthis Nt or i if the rudder is at its limit as required for dete
mining Vyca T @ higher speed Hence,V\ca after falure of
engine #1will be higherthan V. after falure of engine #2
Theengine thatafter failure leads to the highe§tyca is called
the critical egine. Inthis case, thémost) left engine #1 is the
critical enginebecausdothpropélers rotateclockwise

If the arplane is equipped witlkounte-rotating propders or
with turbofans thereis no difference betweeN; after failure of
a left or right-hand engineprovided the gyroscopic effectsf
rotating enginesnd propHers are negligible In this casethe
oppositeengines are equally dgal. Ny and hence actudyca
differ for inboard and outboard iperative engines though
Thefailure of thecenterline engine on a 4t hasno influence
on the yawing moments and henaa on Vyca, butonly onthe
pitching momentequiringa changef elevator input.

Slipstream effect®r rudder boostingnight influencethe ®-
lectionor determinatiorof the critical engine; refer to thappli-
cableparagraphbelow.

A new airplane design shown iRigure 14 is the Airbus

Figure 13. P-factor.

thrust of each individual blade A400M. Uniqueon the propulson of this airplanerethe coun-

terrotating propdérs on both wingsboth propellerson each
wing rotate in opposite diretions to each other down in
between If both engines on a
wing are operatingthe shift of
the thrust vector with increasing
angle of attack is always ok
wards the other engine on the
same wing. The effect of this is
that the resulting €ombined
thrust vector oboth engines on
the samewing does not shift as
the amle of attack of the &
planeincreasesvhen the speed
is decreasd, or is low, as long

Figure 14. Airbus A400M with
counter-rotating propellers.
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as both engines are operatinthere isno overall Pfactor; there cally as required This keepshe actual Vyca to a safe low
will be no difference ifmagnitude othrustyawingmomentsN; level. A system like thisif fitted, must have been considered
after failure ofeitherengine #1 or #4 witlincreasinga, only in  important if not indispensabley the manufacturefor restoring
direction. This means tha¥,c, afterfailure of either one of the andmaintairing controlafter engine failure The consquence is
outboard agines will be the same, unlegisoosting)systems that this systemwill also decrease¢he remaining climbperfa-
thatmay berequired for controlling the airplanarenotinstalled manceupon activation

on bothoutboardengines This airplane does trefore not have |t the thrust of the enginesiepends on air densitaltitude)
a left or righthand criticalengine; both outboardngines are and temperatureincreasing altitudewill decreasethe thrust.
equally critical. After engine failureat high altitudethe asymmetrical thrust will

If an outboard engine fail$or instance#1 as shown irFigure be loweras well ass the requirement for rudder control power
14 above the moment arnof the vector of theremaining thrust after engine failure. ffleactualVyca will be loweras well

on that wingreducedrom in between the enginés a bitoutside  |f the outside air temperature increases, entfinestdecrea-

of the renaining inboard engine, as shown figure 14. The esand actualVyca decreases.A too big variation of engine
resultingNr is much lower than would be the case for conve thryst with density and temperature leads to a big variation of
tional propeller rotation.The maximumy 5. andNs to be gene  actual Vyca's, which is the reason that (turboprop) airplane

ated by the rdder can besmaller and consequentihe size of manufacturers provide several charts Witfica data for dffer-
vertical fin of this airplanecanbe reduced There is however ent altitudes and temperatures in the flight manual.

one very important conditionhe feathering system of the big 8
bladed 17.5 ft(5.33 m) diameterandthereforehigh drag prople
lers must beautomatic, veryapid and failure fre¢o ensurehe
lowest possiblepropeller dragfollowing a propulsion system
malfunction If not, the failure of the feathering system of a
outboard engine will increag@opellerdrag, whichin turn en-
hancesN; considerably therewitnereasingactual Vyca. The
control power generatl by thesmall vertical fin and rdder
alone is low by the small desigrOnly rapid reduction of thrust
of the opposite engine, dincreased)irspeedcan restorethe
required control power to maintain straight flightlowing the

During an approackvhile an enginds inoperative the thrust
sdting is low andhencethe actuaV yca is low as well. If a go
around becomes necessagdingasymmetricatthrustincreases
actualVyca smultaneoudy with the thrust To avoid controli-
nbility problems,the acceleratiorto the go-around speed must be
performedwhile still flying down the glide path before initiating
the climb, using symmetrical thrust while adding as much
asymmetrcal thrust as possible to maintainstraight flight
While adding aymmetricalthrust simultaneous rudder dedle
tion as well aggradualbankingto the specified 3° t®°, both

failure of a feathesig system Designingand approvingthe away from the inpperative engine isquired to keep actual
. SO . Vuca @s low as poskle and preventhe lossof control

feathering systenfor this airplanewill be a real challenge to ) ]

design enineers and to certification authorities. Asymmetricalengine thrusthasthe greateseffect onVyca.

On airplanes with very powerful engines,asymmetrical thrust Actual Viyca is most critical(highest)when thethrustsetting is

problem is also béng solved by aplying automatic thrust highand will be no factor for gplane control if the thrust is low.

asymmetry compensation, see als8.4 but this has cors 35  Thrust derating and flexible thrust

uences for takeoff perforanceas well ) .
q P In the case of thrust derating, the surplusistthat is in the

Flight manuals present thewy, that is determined after fai gngine design is not available at hand by setting the thoust
ure of the (or &) critical engine. This pides the higest, the oyerlevers (throttles)in the cockpitbut only by engineerby
worst case, Mca that is valid as long as the bank angle is thg,angng settings on the engine itseif thetime of engine f-
same as used for sizing the vertical tail and duripgaMesing, ing. This is common practictor instaling similar engines on
and the thrust is maximalThe actual Vi after failure of any gjtferent types of airplane. Thrust derating might éguired to
other engine is loweir which is safer The word ‘critical’ is only |t the maximum asymmetrical thrust moment to the imax
of use to airplane design engineers and test pilots to make $H{g, available rudder control power at the destedeoff speed

they use and determine the highesic) after failure of any of f6|15wing the failure of an engineThe Vyca listed in the flight
the engines. Airline pilots should not have to worry whether g,5nual will be based on this derated thrust.

failing engine is critical or rip they should not even have to
learn about the criticality of an engine. Just a singje,Y that
is a safe minimum control speedfdre and after failure of any
of the engines, applies, as does only a single engine emerg
procedure. Maintaining themall bank angle away from the
inoperative engine(s) however, is a ksaving condition for the
lowest, safest possible actualyM, whether the inoperative
engine is crical or not.

On some modern typeof airplanethough thrust deratig is
settableto several levelduring preflightfrom the cockpiffor the
takeoff Then the flight manualmustpresenta set ofper-
ormancedata for everypossiblederated maximunthrust se-
ting, including aspecific Vyca as operating limitationbecause
Vuca IS depenent on the maxmum thrustthat can be set with
the thrust levers The V\ca afterthis kind ofthrustderatingis
lower because the maximutimrustyawing momentN+ is lower
3.4. Engine thrust, altitude and temperature following engine failure and aftemoving the throttles fully

The thrust setting usesh theremaining enging) for dete- forward(to the derated maximum)
mining Vuca is the maximum thrust that iguaranteed by the  Flexible or reduced takeoff thrustaghrust level less than the
manufaturerin the specification of the engine§he higher the maximumsettablethrustwith the throttles It is beingused to
asymmetricalthrust setting, the higher the rudder requiremengreserve engindife. An assumed highesutside aitempeegture
will be and or the higher the airspdemust be to provide the and/or reducedthrottle settingare usedto achievethe lowest
requiredrudderc ont r o | VY fmseaight flight actual possiblethrust level fora takeoffon the available runway length
Vuea is higher. As discussed before, theaerodynamic control In this casestill the sameVca dataapply as for the available
power is insufficient torestorecontrol or to maintain straight highest takeofthrustsetting,becausenaximum gkeoff thrust is
flight after engine failure, the throttiettingof the engine opp-  still settable anytime by moving the throttles forwawlls long
site ofthe failedor inoperativeengine must belecreasé a little, asthe thrustsettingduring flexible or reduced takeof§ lower,
but onlyas much as required testore omaintain catrol. the actuaVca is lower. If however,following the failure ofan

On some airplanesiith very powerful engines (and a too®ngin€ the thrustlevers of the operating engines aset (by
small vertical fin) a thrust asymmetrgontrol systemdecrease Procedurefrom the flex settingo maximumavailablethrust to
the thrustof the engine opposite of the failing engimetomat ~ achieve maximum climb performance then the actual Viyca
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increagsagain to the value presented in fight manua) pro- prior to both takeoff and landin(in anticipation ofan engine
vided the bank angle i’ 5or the number of degrees specified byailure duringgo-around) If feathering was usefbr determn-
the applicantaway from the failedrgine. ing Vyca, the asymmetricalthrust yawing moment N without
featheringis (much)bigger and henceyreaterrudderdeflection
is required forstraight flight actual \yca is higher This has a
Vmea Of a multrengine aiplane is determined whehe rud-  consequence for training too. A realistigca cannot be da-
der and/ or ailerons are either fully deflected or after reaching@strated byust idling one engine. This ihe reason that @i
precetermined rudder or aileron control force limit, whisker plane manufeturers provide a (number dfrustsetting(s)to be
occurs first during the test (explained id)8 If the ruddeiis not seton the simulatednoperativeengine to match the drag of a
fully deflected (while the thrust is maximum) to maintain thfeathered propeller.The setting coesponds to zero drag, or
straight flight equilibrium, then thactual airspeed for the ve zero thrust
tical fin with rudder to generate a side force high enough to
counter the still samei high asymmetrical thrust will va to
be higher than the airspeed that was measured during the fli
test to determine the FAR and CS basgg, for which fully dat
deflected diretional controls were used (provided the maximu

approved control force is not exceeded). "Hutialairspeedor feathered propellaedepending onhe criticality of theauto feal-
maintaining control is th_erefore higher than the AFMljahed er systemgf tﬁe airpFI)ane 'Ighe drag of anyidling propeller is
Vuca that was determined under FAR and CS 23.149 aH%her than the drag of ad@ered propeller This higher drag

25.149 . .
o . . enhances the asymmetrical thr ng momentNy. More
On military transport aplanes, only a maximum of % (75%) of y \ yawing T

) - rudder deflection is regred for straight flight or aigher ai-
the avallaple control power of rudder and ailerons may pe Ustibed ifthe rudder is at maximum deflection; henbca is
to determineVyca, to leave some control power margin forhi her
countering gusts and control forces may be higher. This in fac ) ) ) )
means that th&/yca's of aiplane types that are used both as Torque and gyroscopieffects due to rotating engines and

civilian and as military transports couttiffer from each other Propellers are mostlyeglected in theVyca analysis. These

3.6. Control deflection

For determining Wca, the prop#er has to be in the pitchtse
ting that it assumeby itself after engine failure without pilot
vention which is either windmilling or feathered Vyca
a inflight manuas are based othis conditionalthough some
Thanufaturers report twd/ca's, one with and one without auto

the "nilitary’ Vyca's are higher. effects, as well as the rapiess of the automatic feathering
_ processif any, play their rolein determiningthe dynamicV yca
3.7.  Slipstream effects or during transienteffectstestng (§4.2) . The effectswill be

Asymmetrical and spiraling slipstream effects might influend@cluded inthe listedV yca.
the recovery after engine failure, as well as the value\faV  Conclusion In the case thathe propellerof an inoperative
because the slipstream might influence the air stream arounddhgineis in a configurationother than used ding testing for
horizontal andvertical tail. Some airplanes have vortex inducesg,,.,, the actuaMyca might be much higher than the charted
on the vertical fin to prevent an early fin stall when the sideshp,.,, whichis very unsafe if (much) thrust has te addecbn
angle increases during equilibrium flight with an inoperativiie operating engine(suring a gearound. A suspected failed
engine. Slipstream effects might have influence on the valueppdpellerengine should never be left idj as a 'standbsource
both stéic and dynamic Yica and, if the effects are domant, of thrust *; he engine should kghutdown or set to provide zero
the slipstream might even determine which of the enginesttigust/ dragin order for the actua¥/yca to be as low asor be-
critical. During flighttesting Myca, slipstream Hects, if any, |ow the listedVyca. If a propeller is not feathered (because the
will have effect during the determination ofs¥a, for the side- engine is kept idling) or if the featheringssym fails (or is not
lip and bak angles tested. However, if during operatiorls foarmed),the drag and, hencactualVyca is much highethehan
lowing engine failure a bank angle is allowed that leads to Réted (and indicatedVyca. Loss of cotrol will occur as soon
increased sideslip angle, the slipstream effects might increasgasymmetrical)thrust is increasedd(ring approach ogo-
actualVyca to a value higher than the listeghys or to an early around).

fin stall Flight training with an inoperativeropellerengineshould be

3.8. Propellers performedusing somethrust on the simulated dead engini®
After an engine failure, the airflow will start driving the no _|mulatezero thrustdragto be able & demonstrata morerea-

yet feathered propeller (windmilling) causing the drag of t |é~:t|c ]y'.‘fCA' hTralnlng the appro;:Jrlalmlte rﬁstpt)pnsz tosudderen_—
propeller to increase significantly. The yawing moment genergl?ﬂe. r?tl urehowever, requireacually shutling down an engine
ed by this drag increases the asymmetrical yawing momoe In-fhght.

the opposite operating engine, whiehduring takeoff or go 3.9. Effect of center of gravity on Vuca

around- is at maximum available takeoff thrust setting to attain | ongitudinal center ofgravity. The yawing momergeneré

the maximum available climb performance. _The lower thee prgy by the rudder(Ns,), is the product of thenoment armor
peller drag, the lower the asymmetrical yawing moment and tﬁe distance from thecenter of

less rudder deflection is required to maintain straight flight at ] gravity to the aerodynamic
any given airspeed. Most propellers are equipped witraa fe force Ys developed by the
thering system that automatically feathers the propeller blades i rudder Bif thecenter of .

) : . - 2 . gravity
after engine failure (unless disabled or not armed). Featheringa 1l [|Arm T, is at itsapprovedaft limit, the
propeller will decrease its drag considerably. Small engine | €z yawing moment genera’tetjy
airplanes might not have a feathering system; after engihe f_:a,i’G{ v the vertical tail and rudder
ure, the propeller might continue to windmill, causing higit B deflection is smallest If the
propeller drag. Th&ca of these airplanes is determined witfNt - T¢ \Arm s '7 center of gravity is more fo
this high drag and will therefore be high enough to be able to H rooer ward. themoment armto the
maintain control, provided again the bank angle is 5°, or the , ' ;

" S N, 2 rudder forceYs is longer and
number of degrees specified by the manufacturer duringieertif J 5r A rudder deflection can be srhal
cation, away from the failed engine i . ) .

: . L Figure 15. Center of gravity er to counter Ny (Figure 15
Propellers willonly autofeatherafter engine failuref the shift, longitudinal and lateral. below). Now the airspeed

feathemng system isenabledor armed which is normallyset
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could be further decreased until ruddesfléction is again max
mum: &tualVyca with a forward center of guaty is lower.

Lateral center ofgravity. A lateralcenter of gravityshift also
affects yca. A lateral shift of the center of gravityinto the
inoperativeenginefor instancancreags the aymnetrical thrust
momentof the live engine(saind requires higher courgracting
force: morerudderandailerondeflectionare requiredor if these
are maximumalready the airspeed needs to beher: actual
Vueca increases. Therefordight manuas present a maximum
allowablewing-fuel asymmetryor imbalanceo avoid controk-
bility problemsafter engine failuredue tothe lateralshift of the
center of graiy.

Considering all possible centers of gravity determhing the
Vuca Would be excessively complicated.Vy,ca is therefore

determined with the center of gravity at the maximum approv%g]

lateral position into the critical engine andmost aft both

representing the worst caskecause thisreturrs the highest
Vuca due to center of gratyi shift (at the proper bankngle).

During normal operations, thactual Vyca will not increase
above the published valuedue to any center of gravityshift

within the approved envelopeAirline pilots thereforedo not

have to worry whether the centdrgravity is forward or aft, left
or right. The listedVca is valid for any center of gravifyas

long as the small bank angle is maintained away fromrihe
operative engine

Conclusion The worstcase center of gravity position is used

for determiningVyca, Which isa center of graty positioned
most aft and laterally into the critical engine, both within th
approved envelopeThe position of theenter of gavity is not a
vainable factorin the Vyca chartsin flight manuas; this would
unnecessargomplicatethe looking-up of the applicableVyca
during prélight or before landing

As preparation foeny landing, a gearound has to be aoti
ipated. To increase the safety afgo-around, prt of the prepa-
rationfor a landing with aralreadyinoperaive engineon a 4 or
more engine airplaneould be tamovethe center of gravityto a
position that cecreases actud¥yca, i.e. as much forward and
away from the inoperative engine as thecenter of gravity
envelope allows This could be done by transfénmg fuel away
from the inoperative engine and forwaragind/or by moving
cargo orpasengers forward, if at all possible and febes

3.10. Rudder boosting

ence onVyca. Thetotal drag of coursés higher on some ai
planesjust a little, on other airplanetypes more If however
sideslip angle is not zero, ie extendedanding geahassome
influence on the equilibriunof lateral force and moments
Because thenoment arra of the main lading geardo thecenter
of gravity are small theyawing momentslue togeardrag will
not be big furthermore the draginduced forcesact behind the
center of gravity (for nose gear airplanes)lt depends on the
direction of thesideslip, whether these forcese in the same
direction or opposite of the ruddgeneatedside force. During
side slipping, e side force of theose geaon big airplanesas
a much longemoment arnto thecenter of gavity. If the pilot
allows a siaslip to build up by keeping the wings leveidfter
engine failure the nose geawill generate a side forcdue to
drag and hence an additional yawing moment thefuires a
ange ofudder deflectionactualVyca Will eitherincrease or
decrease.

A loweredlandinggear has nosymmetricaleffectsif the sides-
lip is zera Zero sidslip can be achieved with a smaf to 5°
bank angle, as was explainedsi2.2.2and§ 3.1 In addition,as
long as thdandinggear is downits dragof coursedecreass the
rate of climb but retracting the gear migtempoerily decrease
the available rudder boost press(88.10, therewithtemporar
ly reducing therudder deflection and incréag actual Vyca.
bheckyour airplaneflight manual whether the gear should be
left extended until reaching a safer speedi/or altitude

Flaps and slats after extension might have an effect on the
eairflow striking the tailand therewith déct Vyca. In addition,
on propeller airplanes, flaps might lead to a roll rate due to
asymmetrical propulsive thrustThe flap handlemight also be
mechanizedo switch onor increasethe rudderboost pressure
system so the position ofthe flap seleabr handlehas infuence

on the ruddercontrol force and ornVyca. On someairplanes,
Vumea With flaps upis more than 1&t higher than with take6f
flaps. If boost would be offr low i asmight bethe case with
the flap hand? at zeroi Vyca would be much higher. This
increase oW yca is indeed a factor to consider while returning to
basewhile an enginés inopetive.

Vuca is to be determined with gear and flaps extended, but
not with gear and flaps in transition. Referthe flight manual
of your airplane to find out whether transitioning or retracted
flaps affectVyca On a paticular airplane This would be 'nice’
to know for a safe return to base following the failure of an

On big airplanes, the rudder is boosted by a hydraulic systEAgine:

to increase the rudder deflection per poor Newton) of pedal
force, which is of course important for maintainingcol under
asymmetrical thrust conditions. The boost system will only
available at low airspeeds to avoid damage to thecaétsil and
might be automatically switched @s flaps areetected down in
stages of one or more different boost pressure levels. ¥f a
draulic pump that powers the boost systerppleas to be driven

Spoilers affect thelift distribution on, and thedrag of the
wings Whenflight spoilers kickin asymmetricallyto assist roll
lgentrol during the early phases of takeoff, they not only affect
Vuca but alsodecreasdhe already reduce®El climb perfa-
mance.

5.12. Ground effect

by the inoperative engine, the boost pressure might be lower thafAn airplane isn ground effect if the altitude is less thamout

required, or not be available dt.alf the airplane is equipped

half a wingspanabove the ground.On someairplanes,V yca

with only one hydraulic pump driven by one of the engines, th&ight be influencedby the ground effectbecause the aerpd

engine might have to be defined as the criticgiree.

If the flap handle is not selected above a certain settidderu
boosting might not be switched and actuaV/ y,c, will be much

higher than antipated. The boost system has a very powerfg

effect on thevalueof Vyca. If not switched on, & \ca increase
of 30 knots isnot exceptional. Refer to your flight manual to
find out whether flaphandle posibn affectsVyca on the air-
planeof interest

3.11. Landing gear, flaps, slats and spoilers
The drag of thelanding geatis symmetricalaboutthe center

of gravity, providedthe pilot maintains straight flight with no

sideslip Then the extended landing geamight have no infu-

namic catrol powermight changewvhile the airplane is close to
the ground On otherairplanes, thepitot-static air datasystem
might beinfluencedby the ground effect.Then, Vyca out of
ound effectmight differ a fewknots from Vyca in ground
effect. The hidhest Vyca Of in andout of ground effect should
be used for takeoff.

3.13. Stall speed

Somemulti-engineairplaneswith the exgines mounted close
to the fuselage or witlkounterrotating propellerdave a VYjca
that islower thanstall speed/s, in which case the flight manual
either lists NV yca at all, or states thahe airplane igontrolla-
ble down to the std/lwhich is of course the preferable and most
safe situation. However, as was explained #118this will only

10
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be the case if the pilot (after engine failure) actuallyntadns ble factors. Thereforethe worst case ofmany of the variable
the bank anglehiat was used to determiNg,ca, in most cases factors that influence Vyca and praluce the highesti most
5° away from theinoperativeengine If the bank angle differs unsafei Vca areused to deteninetheVyca that will be listed
from this favorablebank angleactualVyca might increase to a in the flight manual with the excepion of bank angle The
value higher thar/s and a controllability problem might ariseadvantage of standaritig these factors is th&ioth the testing
despite of the stament in the flight maual. Refer toFigurel6 and looking up Vyca by the flight crew during preflight and
and to§ 6. before appoach are very muchsimplified. The consguence
howeveris that the standardized,,can presentedn flight ma-
3.14. Load factor nuak almost never correspoado the actualVyca that will be
For airplanes thaare controllable down to the stalthile an encountered during a particular flightut is dways on the safe
engine is inoperativ€§ 3.13, a pushover maneuver was $8m sidefor any valueof the variable factors
t|mesusedFo degrease the load factirbe able tademonstrate In most casesonly altitude, temperaturandflap setting are
Vica. During this maneuvea Ioaql factor less than 1 g desea the variablefactors during the testing and in thg,ca data po-
es the apparent welgh.t of the airplane and hemceeases the vided in the flight manual. As was explained in 8.1, bank
stall speedVs temporarilybelow Vyca. This way, as wases angle influemes Vyca consideably. During testing a bank

lieved,V yca could bedeterminedr demonstrated. or o ;
However,V ca is defined forstraightflight (equilibrium), and ?rg?rllethi i?\(;pe?atiflzsezgtiig izyu;he?j airplane manufacturanay

its determinationincludes transient effectsTransient effects of ) . )
a sudden engine failure can only be determined from steady "€ standardizedalues of the variable factors used during
flight, a flight path @nilar to a normal takeoff flight pathi.e. (€Sting ofVica are presented belowhe numbersdetween p-
unaccetrated flight with aload factorof 1 g as well as many 'enthesesefer to the paragraphs where moretalls can be

other standalized factors and conditiorfdiscussed above) found:

The dynamics involved, the diffent air stream and angle of ® A bank angle of Saway from the inoperative engine, or
attack from a normal keoff flight path (Pfactor) and the diar lessthan 5 at the option of the applicanf the certificate
tion of these maneuvers make the use of load factor inappr ~ Of airworthiness of the airplar(éhe airplane manuéarer,
priate for determining or demstratingV yca. §3.;

) ) e Lowest possiblgrossweight (empty airplanelow on fuel
3.15. Configuration changes §3.1);

Any configuration change, modification or alteration that e Critical engineinoperative(§ 3.3);
changes the position of thetdaal center of gravity or changes e Maximum available takeoff thrust on the operating re
the asymmetrical drag, and affects the required rudder and ging(s) (8 3.4, §3.5);
aileron defletions after failure of an engine, will have influence o Propeller of thénoperativeengine feathered if an autotita

on the listedVyca. For instance,hie installation ofexternal feathering system is installedotherwise windhilling
(camera) wing podsantemas and other externaéqupment on (83.6);

the wings, as well as changes inside the cabin that influence the Centerof gravity most aftard laterally into the inopetive
position of the lateral center of gity, etc. could change the engine,in the approved envelogg 3.9);

ﬂlght manual |isted\/MCA Signiﬁcantly. Fllght—tesB are required e A maximum of 150 ”X667 N) on the rudder peda| and a
to determine the efféof these configration changes o¥ yca. maximum of25 Ib (112 N) on the aileron control as per
3.16. Climbing flight FAR/CS 823.149 and 25.149; military regaiments are

180 Ib and 75% contrgdower/travel respectively, the tiger
to maintain a margin to cope with gusts, for transatfetcts
and to maneuver (3.10);

¢ Flapsin takeoffsettingor as opted§ 3.12);

An airplaneat low gross weightwith the engines at takeoff
power setting might develop a considable rate ofclimb even
with one enginénoperative. Tis causes the side force avi¢
to beredu@d by a factor cosine of thepitch angle €o0s6). The ; .
consequence ad 3¢ climbing pitch angle is thathe bank angle * ::landmﬁ g%a;agtowihr a;osptledby manufacture(s 3.11);
should be increasduly approximatelyonedegreeo geneate the * orma oa or_ 9(83.19. ] )
same side force as for level flightf a 5° bank angle was used to _ The flight-test techniquesfor performing theVyca testing
deermine Vyca, the climbing flight requires a bank angle 6f 6 ([4]. [5]) aretrainedby formal Test Pilot Schooland can also be
to matchthe listed Vyca, Which is howeveis against rega found inCS 23([8] and inFAA Flight Test Guids (AC 238B
tions so more rudder deflection isquired, ora higher speed [6] and AC 257A[7]).
for straight flight actualV yca increases. Vuca is determined at a safeialide ofat least5,000 ft AGL

On threeandfour-engineairplanesa high rate of climb can be after which the data aneduced ancextrapolated tosea level
avoided byreducing the thrust of the centerline engine or of tHSL) on a standard day or to differentialtiesand temperatures
symmetri@l inboardengines. This doesaffect neithetthe thrust &S Equired for use ircharts
asymmetrynor Vyca. To preparefor the safe conduct of yca flight-testing the -
4. FLIGHT-TESTING Vuca proximatevalueof Vyc, is determiné by usingcomputerand-
ysis of modelsor stability derivativesof the subject aplane.
The technique of predictingyca is presented in the pap&he
Effect of Bank Angle and Weight on tienimum Control Speed
Vueca Of an Engineout Airplane[12]. This tetnique was also
used to calculate and plbigures 9, 10 167 20in this paper.

To assist in understandingyca better, his paragraphs in-
cluded The flight-testtechniques presentedbw are not the
completeflight-test techniques for engineut testing; they are
providedto a certain extent and for informationrpases only.
Please do not start testingyca 0On your own Vyca testing is

not without danger.Experimental test pilotsake many preca- Flight-testing beg_ins with selecting t_he configura@ion to, test
tions; for instanceon new or unknowrairplanestheywill have like takeoff or landing, followed btatic and dynamic Myca
parchutes in the seatd a prepared escape hatch testingand handling qualities testing. Static and dynamic (or

transient effects)Vyca flight-testing are both described in the

As was exmined in the previous paragraplmany variable following pamgraphs

factorshave influence on thealue of Vyca. It would be m-

possible to determina separate/ yca for all values of alivaria- ~ Vwmc is the minimum control speed in tagproach anéand-
ing configuration.Vyc, testing is performed in the same wasy/
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Vuca testing, butthe flaps are selected in the landing positioaxcess of 5° away from the inoperative engieeause of the
and theasymmetricthrust sdting used is garoundthrust In flow sepastion on the vertical fin(which on this airplane is
addition,a roll requirement exist&AR/ CS § 25.149f) expected above 1G5f bank) Flight-testing will berequired to

On 4 or moreengine military airplanes, bothVyca;, and confirm this.
Vuca2 (Vuca With one (r1) and two engines {B) inoperative
respectively) are deteined. FAR and C$iowever,only re-
quire Vyca (is Vucar) to be determined for civil gilanes but
do require bothV ¢ 1 andVycr» (8 3.2).

Figure1l6 below shows the effect of bank angle actual
Vueca (during equilibrium flight) in a different way as the chart
in Figure9 in §3.1 for the same gblane and conditions.This
plot is alsothe result of analysis of the stability derivati&g] Vs - Low weight 100 }
and is usedo becomeaware of limitations that might show up
during actual flighttesting. These plots can be made for sea s N
level and for anyaltitude,including the test altitudéhe engine 15 10 s o s 10 1s
thrust changes with altitujle Vyca in the plots was calculated Bank Angle (deg)
using the maximum of either aileron deflection @0°), rudder
deflection (30°) or sideslip(14°) versus bank angleThe pedal
force limit (150 Ib or 667 Nwas not included On this airplane,
ap in excess oft14° should be avoided to prevent the vertical

fin from staling, therefore, as shown in the second pldEigure bank angle on thealue of actual Vyca andlead toone ofthe

16, sideslipB (14°) is the limiting fator for bank anglesxcea- o impotant recommendatianpresented in thispaper the

i_ng_ Fhe rangei 1° to +1°0°; rudderdeflection (max. 30.0)5 the_ bank angleused to determin®yc, mustbe isted withVyca data
limiting factor betweer0® and +6. Furthermore, on this SPéci i fiight manuals. The presenteyca is only valid if this bank
ic airplane type,Vyca is expected to be lower than the stal H?le isbeingmaintained.

speed at bank angles between 4° and 7° (at the test weig
which is low weight). The airplane is said to be mtoollable 4.1.  Static Vca flight-testing

down to the stalbut, as is shown irFigure 16, this is true only  staticVc, flight-testing isperformedto determine théowest
for bank angles between 4° and 7° away from the inoperatiygspeed at which the airplane camaintain straighflight with
engine(test weight) Actual flight-testdata or analysisof dif- g inoperative enginie apre-determinectonfiguration.

ferent typs of airplane might showdifferentlines from the ones First, atrim shot at a safe altitude wisymmetricalthrust in

shownhere. Refer to £.2.3for details on this equibrium. the required test configuration is established at an airsgeed
proximately 20 knotsigher thanthe expectedVyca tha was
determined during the analysi¥henthe enginghat is epected
to bethe critical engine(8 3.3) will be idled, then shut down
propeller featheredif applicable and the opposite engine-s
lected at maximumnavailablethrust while maintainingstraight
flight without changing the trim contrals The throttles othe
symnetrical operatingengineson 4 or moreengine airplangsor
Vs - Low weight 100-: the centerline engine on-éhgine airplanesmay be set ata
Voor o] < lower (reduced)thrustlevel asto be able tamaintain the altitude

1 anddecreasehe speed during the testing the lightweight test
airplane For 2engine airplanes, airspeed will decrease by

Figure 17. Effect of Bank Angle on Vycaz. Turbojet, TEI, 1 g
constant heading flight. Maximum Continuous Takeoff Thrust.

Both Figures 16 and 17llustrate again the huge influence of

Speed (KCAS)

o
r—T T 17 r1rrr 1T T T T T T

-15 -10 -5 0 5 10 15 o ) ; ;
Bank Angle (deg) Sign conventions: establishing a rate of climb. Data are taken while passing the
+lia = right aileron test alitude.

35

+Ur = right rudder . . . . .
+b :W?nd in right ear While keepng thewings level, the airspeed graduallyde-

+N = bank to right creasd until the heading can no longer be maintained bideu
T — = and or aileron inputsor until one of the control travel or force

Angle (deg)

5 K limits (listed in §2.2.1 and onthe prevous page) is reached

Pt : . '/~ e U a— The speed at which thigccursis the actualVy,ca for wings

A5 0. 5....530 5 Mf’ level. Then while slaving down and maintaining headintipe

—67Z ———————— =15 bank anglds slowly increased away from the inoperativgiae

a b until the bank angle is 5 degrees {loe number of egreeopted
Figure 16. Effect of Bank Angle on Vuca and on rudder (5r) and by the applicantfor instance 3°or until again one of the control

aileron (da) deflections and sideslip angle B. Turbojet, OEIl, 1 g travel or force limits is reached'he turn needle will be ogered
constant heading flight. Maximum Continuous Takeoff Thrust. and the slip ball will be gproximately half a ball width off

. . center(refer to §2.2.3. The speed at which this occurstlee
4 Zrﬁnz?;n:n;ﬁ; p;ﬁ;?::é:ptfp daé'?edm;n\%gi:teir?gngg%};\ d formal Vca Of the airplandor the test day and tedtitude.
engine to be shut down is tl’m’]ginenext tothe outer (Critica|) The test will also end if during the deceleration the stall Speed
engineon the same wing. This generates the highest yawiMg iS reachedwhile the bank angle ithe opted degreeaway
moments possibléyencethe worst cas¥ yca,. Figure17 below from theinoperativeengine. If this happensthe airplane ®-
illustrates theesults of thepre testflight analysis At the test Viously is contrdable down to the stal(at this bank magle),
weight (low gross weight) and at a bank angle of 5° away froffhich would be the preferable test resulhe prediction for the
the inoperative engin@ositive in this examplelV ycaz is e- sample airplane iffigure16 shows that the airplane is conteoll
pected to b 17 kt anchigher tharthe stall speed. The lowest ble down o the stall only if the bank angle isi47° away from
theoretical Vycaz Will be reached at aboud 9° bank angle. the inoperative mgine
However, regulations do not allow the use of a bank angle in
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While decelerating, several false bank angle zero (fats®)
points might be observed. At thesastable points, the slip ball
will not be centered. The direction of edtip B should also be

be peformed without propeknowledge andraining the crew
must bevery cognizahand well prepared The incorrect appt
cation of rudler and aileronsmight lead to an attitude from

noted. Other dita to be recorded are bank angle, sideslip, rudd@hich safe recovery is not possibl case another engine fails

force and deflection, aileron foread defletion.

This procedure is normally repeated at lower, still safe al
tudes. TheacquiredVyca testdata will be extrapotad to sea
level conditions resulting ithe Vyca of the testeatonfiguration
that will be published inflight manuas.

during the maneuver, immediate reduction ofsyanmetrical
Lhrust might be required to sa the aiplaneand the souls on
oard

The flighttesting of airplanes with fHpy-wire flight control
systemsmight have to differ from the procedsrelescribed
above. Some flight control systems of electric jets dulee

To ensure that the engine that is made inoperative in e Hontrols without the pilot riiwing, following the failure of an
cedure described above is indeed the critical engine, the-prag,gine. Control surfaces are deflected without any stick input,

dure is repated after shutting down the opposite engine. T
engine thatafter shutting down returnthe highest yca is the
critical engine (83.3).

The same test procedure is repeaad or moreengine ai-
planes to determine the nminum control speed with twangines

BRd without the test pilot realhg what is going on. It will be
evident that the data acquired duri¥gca testing need tonk
clude theactualcontrol suface deflectiordataof aileron, rader

and elevator, as well as actual thrust data measured at mach e
gine.

inoperative (TEIVuca2). The second engine to be shut down is

the engineinboard of the first shutdown engiren the same
wing. This generates the highgbie worst cas¥ ycao-

As already mentioned befordhet bankanglehasgreatinflu-
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 documentatias well &in theairplane
flight manual with theV,ca data

It will be obvious thatheVca that isdetermined this way is
definitely not a minimum speed for maneuvering, but formai
taining straight flightwhile maintaining the optetbank angle
only. Any devition from this bank anglmight result in a hig-
er actuaV yca and the risk of loosing erol.

4.2.  Dynamic Vuca or transient effects flight-testing

5. IMPROVED ENGINE EMERGENCY PROCEDURE

In §2.1 of this paper a part ofa possibleengine emegency
procedure was desdbed that is listed in most flight manuals
today In § 2.2 severaloptions for straight flightvere dscussed
that are possiblafter engine failureand which warrant a safe
continuation of a flight In §3 most variable factors werdis-
cussedhat have influence oW yca and in 84, a brief descp-
tion was presented of how the fligtetsting is performedto
determineVyca. Using all of thisinformation, readers of this
papermight 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 engine failure during takeoff or @moundas well asthe
sutsequenteturn to the airport Therecommendedirst stepsof
the procedure aras follows;the modifiedand addegbartsare in

An airline pilot must be able to avoid dangerous conditiori&alic print.

that might result frona sudderengine failuren flight, especik
ly during takeoffor goaroundwhen the airspeed is lowThe
testmethod is to stabilize witsymmetical thrust(trim shot) and
then cutoff the fuel supply tahe critical engine. After obser
ing a realistic time delay forecogrition, decision and reaction
(normally 2 secondstotal), the test pilot arrests the gplane
motion and achieves enghoait straight flight Data to be re-

orded arethe changes in yaw, bank angle, sideslip, rudder force

and deflectionaileron forceand defletion, the lostairspeed and
the new rate of climb.

Of course,experimentaltest pilots start the engine cutsaat
safe airspeedigher thanV,,ca and graduallydecreasepeed for
the next test points. Test® propeller airplaneare performed
with aub-featheron and off, if applicable. Normally, amly a

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

the meaured statidVca's for transient effects

Requirements for these tests are thattiol should bemain-
tained wihout exceeding &eading change of 2qor excessive
yaw or a rudder pedal force of 150 lim accordance with
FAR/ CS 23/ 25 Flight Test Guide ([6], [7], [8]). The bank
angle should notxeeed 45; no dangerous attitudes may occur.
The lowest airspee@t which these requirements are met is
called dynamid/yca. Torque and gyroscopic effects of rotating

engines or propellers might have influence on the dynamic®

Vuca, as might propeller slgireameffects

The flight manualshould present the higheof the dynamic
Vuca andstaticVyca to be able to survive an engineltae.

4.3.

Otherairborneengineout evaluationsnayinclude, but are not
limited to a go-around evaluation (performed at a saféetadte),
an approach, a landingnd a takeoff. Theetest are very da-
gerousrequire extremeareand hencarenot recommeded to

Other airborne engine-out evaluations

Identify which engine failede(g.dead leg@¢ dead egine);
Apply both rudderand aileronaway from the inoperatév
engineto return torunwayheading and simulaneously

Bank the specified number of degree$ (&H°) away from
the inoperative enginand maintain this bank angle

Note If rudder and/or ailerons do not generate enough
control power for recovery, reda the opposite throttle
temporarilyas much as requiret regain catrol;

On 3 and 4 or moreengine aiplanes

Increase thrusbn the centerline oron thesymmetricalen-
gings) first to maximurmavailable (takeoff) thrustand add
as much asymmetricabprer as possible to maintain dae
tional control, whilemaintainingthe specified bank angle
(3° 7 5° away from the inoperative engingDuring go-
around, accelerate td&/yca; down the glide slope before
applying maximum asymmetrical thrust.)

On 2engineairplanes

Apply as muchthrust as possibleto maintain directional
control, while maintainingthe specified bank angle (8
5°) away from the inoperativengine

Increase airspeed usipgch contro] if feasible to the best

single enginegate of clinb speed, théest angle of climb
speed or totakeoff safety speed,.

During the flight following the engine failure, maintain a
speed well aboveyc, and avoid turns into the deaagine
side to prevent actudyca from increasing abovendicated
(calibrated) airspeed. If the airplane does not respond to
the control inputsreducethe opposite throttle asnuch as
requiredto regain catrol.

WARNING: The listedVyca is the minimum speed fanain-
taining straight flight with an inoperativeenginewhile the
thrust on the remaining enginesas maximumavailable (ta-
keoff) setting.ThisVyca is valid only while banking the spéc
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fied number of degrees away from the inoperative engineVyca of the sample airplane #igurel8at a bank agle of 5°

Vuca is not asafeminimum speed for maneuire! is expected to b&5 kt (solid lowweight line). Thisis lower
This part of the engie emergencyrocedure is the same for than the stall speeWs at low weight(85 ki, seeFigure 16).
all multi-engine aiplanes after failure of grof theengines. Therefore Vayn T by regulatory definitioni depends onVs

only: Vo at low weight and small bank andler this sample

Feathering the propeller of tli@operativeturboprop engine is airplaneis 1.13x Vg = 1.13x 85= 96 kt.

not in this procedure, sindéyca is determined with the prope
ler in the position it assnes by itself after engine failure. Weo 256

ever, it will not hurt to check whether the propeller ndeed o \i ] < e
featheredor to manually feather the propeller as soon asiposs NM %,, - Q p
ble to reduce thesgmmetricalpropellerdrag, therewith decrea A \0@%;\3’:}; 200 ‘s’ s

ing actualVyca, and inproving flight safety. %VD \?25\?% 12 v ’

As was explained before, thg,c, listed inflight manuas is a X ff ] /. /
standardized minimum control speéat maintaining straight Voure T Tigh weight 56 T
flight. ActualVyca might be lower(safer) for instance ecause & ! 4
the center of gravitys forward(§ 3.9) or the failed engine is not Vo T IowW weight N /
the critical enging§ 3.3). If the airspeed is not increased to a N
value (well) aboveactualVyc, before maneuveng away from 1 - NG
the 7 also called favorable 3°to5° of bark angle while the Data bais: analysis _ |  2afgforany Vo
thrust setting of the opposite engine is higiraight flightcan i
definitely not be maintaine@refer to§3.1). The airplane will 15 -10 - 0 5 10 15
become uncontrollable and, if theitlte is too low to recover, Bank Angle (deg)
the flight will still end in calamity even after surviving the
dynamics of the engine faie itself Figure 18. Effect of Bank Angle on Vuca and Vo, One Engine

. . - Inoperative, Maximum Continuous Takeoff Thrust.
Besidescopying this improvedemergencyprocedureto all

multi-engine airplane flight manualg, is recommended tont However,as was eplained in 83.1, bank angle hagreatef-
cludealsothecautions and notebat are pesented in 8.3. fect onthe actual value of yca. If the pilot does not maintaia
Unfortunately, actual Mca is not displayed (yet) on cockpit favorablebank agle of 5° away from th@noperative engindyut
instruments or displaysThe Vyca datataken fromflight ma- only 3° theactual Vyca Will i ncrease to 95 kandis now very
nuak and copied ta takeoff & landing data (O/LD) cardand close to the preflight caltated Vo (96 kt). If the pilot would

correct procedures must hsed instead. maintain an airspeed equal\@y,y while the bank angle is less
than 5°, or while keeping the wings levellowing the failure of
6. TAKEOFF SAFETY SPEED V; an enginecontrollability prdolems at this low takeoff weight
Takeoff safety speeW, is one of the procedural speeds use¥ill aimost be navoidable.
for planning and performing #akeoff with FAR/CS Part 25 If the manufacturehad recanmended a 3° bank angle away
multi-engine airplanes. from the failed enginéinstead of 5°)the stadardV,yy for low

As the name impliesy, is supposed to be a safe speed duringkeoff weighs would have tobethe higher of 1. x Vyca at 3°
takeof, especiallyif an engine fails after passing dision speed =1.10x 95=104 kt and 1.13« Vg = 1.13x 85=96 kt, so the
V3. In the analysis below, rapeed data ahe sampled-engine actual \byy Would have to be 104 ktV oy for a takeoff with
turbojet airplanepresented before in thisaperwill be usedto the wingskept level, should have to be recalculated to01.1
show that there is a very important cdah to indeed mak¥, x 119=131kt! This higtertakeoff speed leads to longekeoff

a safe takeoff speed runs or less paylad, which is what airlines do ntke. Thee-

V, as defined in FARCS 25.107(c) must provide at least a fore, Vica is being determined while using a small bank angle;

(certain) positive one engine iperative gradient of climb and this keepsactual Vyca and therewith also My lower, required

may not be less than takeoff length shortefand prdits higter).
o minimumV, (Vown); Normdly, while using a small bank alegandat high gross
e Vg plus the speed incremeattainedbefore reaching 35 ft Weight Vo is well above actua¥yca andi by definitioni 8
above the rmway level to 13% aboveVs. This isalsoillustrated inFigure 19 below.

Figure 19 is similar tdrigure9, but withV,y,\ data added. The

Voun may not be less than 1.%0Vyca for all airplanes. 1, =~ qata in this figureare calculatedusing Vyea for 3° bank
addition, a equirement exists foNy to be at least 1.08 ora,f'v”g 9 gV wmea

1.13x Vgg, dependant othe number of engines and provisions . . .

for poweron stall speed reductionVgg is the refeence stall d The _f|gure shows thatl |f_theds ba?k angle :hat wals used to
speed Since the exact increment abovetation speedvg, h?tﬁrm'r}:ev'\"c’* 1S nl?t 'r1nant_?|n§ actua XMC%'OS amosftawahys
which is attained before reaching 3%tove the runway levels 'Y er than Y. If the pilotdoes not bank® away from the

unknown for this sample airplanethe V, data shownin the in_operative engi_nebut_ keeps the W?m‘:’ "?Ve' foIIowing the
figures belowis V. failure of an engineas is being advertised in many engine ieme

) ) . . . gency proedures,the actual M,ca Will be 119 ktfor all weights
As wasmentionedbeforein this paper it was not possible t0 (rigure19). For wings level and at gross weights of 245,000 Ib

use flighttest determined/yca, Vs andV, data of a reafir- o gpove, theactualVyca is just belowthe preflight calalated
planesincethesedata are us_uallpropr!e_taryand n_ot accessihle Voun (122 k). This implies that @this weightand bank angle
Thelef_ore, data_ from analysis of stability derivativelsasample ha100 safety margirthat Vi is supposed to provid@bove
4-engine turbojet airptes, that arenormally used toprepare for ;) is almostcompletely vanished takeoff safety is at stake
Vwca flight-testng, wereused[12]. As was explained before in Therefore the consequence &éepirg the wings levefollowing
§ 3, other standardized variables for determinifigea arethe e fajlure of an enginis that the actual value of )y should
lowest gross weight possibd@dthe mostaft center of gravityn beincreasd to 1.1x actual Vs = 1.1x 119= 131 kt tomain-

the approved envelopas well as the worst cases of other v tain theregulatory intendedafety margin
riables thahaveinfluenceonVyca. ’
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260 1 4-engine turbojet, OEI _ — the favorable bank angle manyknots higher Not maintaining
240 1 Data basis: analysis™ : the favorable bank angleduces the safety margin required by
220 - FAR/ CS 25.10%onsiderablyor even nulls it

As illustrated inFigure 19, Vyca is usually considered the
leading factor for calculating Mat low airplane weightsVs is
the lealing factor for calculatingv, at high weightsand for
airplanes that are shito be controllable down to the stal/g
increases with weighaind only slightly with smallbank angles

Actual Wica (kt)

3 around wings leve(by a factor of 15 ¢ @)s Referring to the
Vs analssis above, it will be clear thatyéa is not only the leading
. = - _ e \/2MIN factor for calculding V, for low weights, but alsdor high
80 ] - = weightsand for airplanes that are controllable down to the stall,
60 +——T——————— if the bank angle is deviating from the bank angle used to-dete
160 180 200 220 240 260 mine Vyca, even if this igust a few dgrees. This however, is

never mentioned ith the céculationand displayof V.

Figure20 belowshows the effect of bank angle and weight on

Figure 19. Effect of weight and bank angle on takeoff safety actualVyca2 and on (actual) Yafter failure of two agines on
speed V2. Vica With bank angle 3° was used here. the same wing. Vyca, (With a bank angle 5° away from the
inoperative agine)is 117 kt Vo, at low gross weighis the
higher of 1.1x Vpyca2=1.1x117=129kt and 1.13% Vg=
1.13x 85=96kt, so the actual ¥y would have to be 129 kt,
as shown inFigure 20. If the airplane weight is low and the
bank angle is 3° instead of 5° awagrh the inoperative engine,
ljpr?nactuaIVMCAz is dready higher than Mun; the airplar_le will
not be contrbableat or belowthis 3° bank angle.At maximum
gross weigheand a 3° bankngle 1.13x Vg=1.13x 108 = 123
kt (seeVsline in Figure19). Herce,actualVyca. is dominding
and actual VMIN is still 129 kt(llX aCtUalVMCAz).

Weight (1,000 Ib)

Since the airspeeduring takeoff or gearoundwill be Vo
or a little higherbefore and after engine Fare at or below 400
ft, the consequens®f banking away from the favorablenk
angle(3° to 5°away fromthe inoperatve engine) might be that
the airplane will start drifting away from the runway celine
and that control will be lost already as soon as the wings t
through wings level. The airplane mighintiaue to roll into the
deadengineside until the flight ends in calamitylf controls
seem ineffective,hiese mcommanded yawing and rollingo-
tions, can only becounteactedby immediatelydecreasingac-
tual Viyca, Whichi at thattime i canonly beachievedby tempo-

rarily reducing the asymmetrical thrusthich instaneneously L L

decreaseactual Vyca to @ more safe valudf altitude is avaifi- %, %

ble to exchangé for speed, that is an option too, lihis might 9/% ’f/%

take toomuchtime. %{.%
Instrument flying procedures and departure procedures are ¢ %

simpler with bank angle zero, sway bebecause of the 8 to 13%

magin of Vyn aboveVsg, it is oftensaid thathe wings can be Vo - All weights

kept level while maitaining V,. However, if the wings are

indeed kept level, thactual Vyca is usually 10i 40 kt higher

than the flight manual liste¥,c, (depending on gblane type)

and a sideslip cannot be avoide@herefore, if a(procedural)

bank angle is to be used that differs from the bank angle used to Data basis: analysis  Safe for Voyy
determineVca, it is evident that (actual) Mheeds to be revised '

as well, to allow for the procedural wintsvel atttude to be

safe.

Vica is the minimum speedor maintainng straight(equili-  Figyre 20. Effect of Bank Angle on Ve and Vs, Two Engines
brium) flight only, if an engine isnoperative If however,one |ngperative, Maximum Continuous Takeoff Thrust.
or more of the variable factors that influen¢gc, (refer to §3)
are not at their worstase value, actudlyc, might be lower If the wings are kept levelctual Vycas is 150 ktfor all
than the pubhedVyca andnotincreaseexcesively after bak-  weights 21 kt higher thancalculatedV,y,y. Control will be
ing away from the favorable bank angis illustrated in this impossible as well, which will also be the caser other bank
paragraph This might be the reason tHatlowing many engine angles For this airplane, the preflight calculategw is only
failures, control could bemaintainedeasily while the wingsvere  safe if a bank angle is maintained between 3 and 7 degrees, i.e.
kept level folbwing the failure of an enginer during a training only during straightequilibrium)flight!
session with an inoperative engine Nevertheless, quite a few Vicaz, by the wayis only used for military multengine ai-
acddents havealso learned that after initiating a turn, it WaSplanes [11]; FAR 25 andCS 25 do not have a requirement for
impossble to end theurn (while the thrust was high)yeturn to detemining and usingVyca» anymore. (€ ) Vucas though,
the origiral bank angle because of insufficient control poweg,,uid be the garound speed in case one of the engines is

and because thactual Vyca increased above the imated 4ready inoperative during the approadiyca, shouldnot have
airspeed Vyca is definitely determined for a reason and thgaan deleted out of civil regulations.

bank angle condition exists, which is of relevance to pilots 'who

only use { as vell Conclusion. In order to prevent takeoff accidents after engine

) . . failure, it is certainly required for this sample airplaneand

Vaun iS supposed to adek leasta 10% safety marg on t0p st probably for all mukéngine airplanes to bank the nm-

of the minimum control spee\leCA, butthat isobviouslynot o of degreeshit were used to determigca (mostly 3° to
the caseif the bank anglés less tharthe bank angle used t0ge) gyay from a failing engine immediately. This will keep the

determineV/yca. The pilot assumes to be saf@ile maintahing  actyalvyc4 below the preflight caldated takeoff safety speed
Vomn On the airspeedndicator after engine failure but the Vo

actualVyy thatshould bemaintainedafter banking away from
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