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Abstract 

Throughout the world, accidents following the failure of 

an engine during takeoff, go-around, approach and during 

training continue to happen with both small multi-engine 

airplanes and with airliners, despite the fact that much ef-

fort is made to thoroughly flight-test the airplanes in order 

to explore and publish its limitations as well as to the train-

ing of flight-crew.  One of the limitations that is of impor-

tance after engine failure and during flight with an inopera-

tive engine, and that is published in the airplane flight ma-

nual of each multi-engine airplane, is the air minimum 

control speed (VMCA).   

Federal Aviation Regulations (FAR) 23 and 25 and Eu-

ropean Aviation Safety Agency/ Certification Specifica-

tions (EASA/ CS) 23 and 25 and other equivalent regula-

tions allow the use of a small bank angle (max. 5 degrees) 

for designing the vertical tail and allow this bank angle also 

to be used during flight-testing to determine VMCA.  The tail 

design and the flight-test determined VMCA are for main-

taining straight flight after engine failure only, not for turn-

ing.  Experimental test pilots and flight test engineers 

usually determine VMCA using a 3 ï 5 degrees bank angle 

away from the inoperative engine while maintaining 

straight flight.  Any deviation from this small bank angle 

will increase actual VMCA above the published value.  

Keeping wings level for instance, increases the actual VMCA 

10 ï 30 knots or more above the published value of VMCA. 

VMCA is also one of the factors used to calculate takeoff 

safety speed V2.  Many airline pilots believe that takeoff 

safety speed V2 is always safe, even after engine failure, but 

if the pilot does not maintain the bank angle used to deter-

mine VMCA, then the actual VMCA might increase to a value 

higher than preflight calculated V2, leading to a complete 

loss of control from which recovery at low altitude is not 

possible.   

Therefore, the bank angle that was used to design the 

vertical tail and to determine VMCA is important for the 

safety of flight while an engine is inoperative.  However,  

the (airline) pilot does not get to know what bank angle was 

used and should be maintained for either the VMCA that is 

listed in the flight manual or for V2 that is calculated before 

flight, to be valid.  There is no requirement (yet) in FAR 

and EASA/ CS 23 and 25 to present this bank angle (as a 

limitation) in the airplane flight manual.  FAR's as well as 

EASA/ CS's currently concentrate on the loss of perfor-

mance after engine failure, not on maintaining control.  

Accident investigation reports show that the mishap pilots 

and accident investigators indeed were not aware of the 

effect of bank angle on the controllability of the airplane.  

Not maintaining both straight flight and the same bank 

angle that were used to design the vertical tail and that were 

also used to determine VMCA and to calculate V2, might 

easily turn a dead engine into a killing engine, when maxi-

mum thrust is set and the airspeed is low.  To the opinion of 

Avio Consult , this is the real cause of many engine failure 

related accidents during takeoff, go-around and during the 

approach when thrust was added to maintain the landing 

pattern or approach path.  This paper is one of the papers 

that was written by Avio Consult  to increase the awareness 

of the real meaning of VMCA and therewith for staying alive 

with a dead engine. 

1. Introduction 

Accidents due to engine failure are happening not only 

during normal operations but also during pilot training, 

despite the fact that manufacturers design and thoroughly 

test their airplanes and establish operational limitations to 

ensure the safe continuation of flight after an engine failure 

in any phase of flight.  Manufacturers provide, and aviation 

authorities approve, flight manuals in which the limitations 

are listed that are to be observed while operating the air-

plane.  One of the limitations that is always determined of 

all multi-engine airplanes, is the air minimum control speed 

VMCA.  VMCA is in fact a procedural, a 'software fix' for a 

hardware 'problem' being a too small vertical tail.  In addi-

tion, pilots learn the theory of asymmetrical powered flight, 

receive training in simulators and receive a demo of VMCA 

in-flight during their training for a multi-engine rating. 

Most pilots of Part 23 airplanes consider their (multi-

engine) airplane to be controllable as long as the airspeed is 

at or above VMCA in the event that an engine suddenly fails.  

VMCA is therefore indicated on the airspeed indicator with a 

red radial line (in accordance with 23.1545(b)(6)). 
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Pilots of Part 25 airplanes use takeoff safety speed V2 

and not VMCA anymore.  Therefore, pilots (and accident 

investigators) often incorrectly consider VMCA a useless 

speed (although VMCA is used to calculate V2).   

The significance of VMCA for the controllability of a mul-

ti-engine airplane after engine failure seems well docu-

mented in EASA/ CS 23 and 25 (ref. 1), in FAR 23 and 25 

(ref. 2) and in flight manuals and textbooks, but ï in fact ï 

it is not.  If the applicable VMCA and/ or V2 are readily 

available to well-trained pilots before every takeoff or go-

around, why do engine failures and in-flight simulation or 

demonstration of engine failures during training still turn 

into catastrophes so often?  Many publications were written 

to try to answer this question, but most reports and papers 

discuss the early recognition of engine problems and the 

remaining performance only.   

In an effort to further increase the safety of flight while 

an engine is inoperative, the author of this paper reviewed 

many flight manuals, textbooks and FAR's and CS's, acci-

dent investigation reports and other documents on the sub-

ject of airplane controllability after engine failure and pub-

lished his findings in the report Airplane Control After 

Engine Failure (ref. 3).  He concluded that most of these 

publications were imperfect, in many cases even incorrect 

and deficient on the subject of flight with asymmetrical 

thrust.  From many accident investigation reports it was 

also learned that pilots allowed their airplane to bank into 

the dead engine side while the airspeed was low and the 

thrust setting on the operating engine(s) high.  By doing so, 

a catastrophic accident could not be avoided.  This proves 

that the test methods & conditions as well as the configura-

tions used during experimental flight testing to determine 

VMCA never made it to be appropriately included as limita-

tion or restriction in Airplane Flight and/ or Operating Ma-

nuals, in student pilots textbooks and not even in FAR and 

EASA/CS 23 and 25.  This contributes, to the opinion of 

the author of this paper, to the real cause of most engine 

failure related accidents. 

In this paper, a few imperfections in flight manuals, 

training manuals, textbooks and aviation regulations FAR 

and EASA/CS 23 and 25 are presented, that affect the con-

trollability of an airplane following the failure of an engine 

in-flight; ref. 3 presents more.  Both VMCA and V2 will be 

discussed in greater detail.   

The objective of this paper is to explain that a very im-

portant limitation, essential to staying alive with a dead 

engine, is required to be included in flight and operating 

manuals to improve the engine-out handling by flight crews 

and bring down the engine failure related accident rate.  

This paper is applicable to all multi-engine airplanes with 

wing-mounted engines. 

2. Air Minimum Control Speed VMCA  

Airplane manufacturers, writers of flight manuals and 

authors of student pilot textbooks, and also pilots and many 

more aviation personnel use regulatory paragraphs (rules) 

out of FAR and CS (23 and 25) and copy parts thereof into 

their own manuals and books.  Manufacturers might believe 

that by doing so, they will  avoid approval problems with 

the certifying aviation authorities.  But in reality, this copy-

work leads and has led to incorrect text for the purpose of 

the documents that the parts are copied into, because not all 

of the regulatory text that is intended for certification pur-

poses is applicable to airline or airplane operations.  Many 

rules and regulations are neither intended, nor good enough 

to be copied unchanged into pilot manuals.  An example 

follows: 

In a flight manual of just a multi-engine airplane, the fol-

lowing definition of VMCA is presented: 

'VMC is the calibrated air speed at which, when 

the critical engine is suddenly made inopera-

tive, it is possible to maintain control of the 

airplane with that engine still inoperative and 

(thereafter) maintain straight flight with an 

angle of bank of not more than 5 degrees.' 

The biggest part of this definition is copied out of FAR 

or EASA/CS 23.149 or 25.149.  Although incomplete, the 

definition is correct for describing some of the test condi-

tions for determining VMCA by the experimental test pilot of 

the manufacturer and for certification purposes, but this 

definition is certainly not suitable to be listed in a flight 

manual and to be used by the (airline) pilot.  There are four 

imperfections in this flight manual definition of VMCA and 

two important conditions missing.  

These imperfections and the missing conditions wil l be 

discussed in greater detail later in this paper.  First, the 

flight test techniques to determine VMCA and the effect of 

bank angle and weight on VMCA will be explained. 

3. Flight-testing VMCA  

The required airplane test configuration is described in 

EASA/CS 23.149 and 25.149 (ref. 1), in FAR 23.149 and 

25.149 (ref. 2), in the flight test guide of EASA (included 

in ref. 1) and in FAA Advisory Circulars AC 23-08B and 

AC 25-7A (ref. 4 and 5).  The author of this paper learned 

about Stability and Control, including engine-out testing, at 

the USAF Test Pilot School in 1985 using ref. 7.  The flight 

test techniques for determining VMCA were taught using 

References 8 and 9. 

FAR or EASA/CS 23.149 and 25.149 allow the appli-

cant of a certificate of airworthiness (the manufacturer) to 

use a maximum of 5° of bank angle to determine VMCA.  

Experimental test pilots and flight test engineers know that 

this means a maximum of 5° away from the inoperative 

engine because the direction and the magnitude of the bank 

angle have great effect on VMCA and on the sideslip, as will 

be explained in the next paragraph.  Normally a bank angle 

between 3° and 5° away from the inoperative engine is used 

to determine VMCA.   
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The configuration used during flight-tests to determine 

VMCA is: 

 Flaps in takeoff setting, or a setting as required; 

 Landing gear as required; 

 Propeller, if applicable, feathered if the feathering 

system is automatic, otherwise windmilling; 

 Max. takeoff thrust on the operating engines.  On 

three or more engine airplanes, the thrust of the cen-

terline or symmetrical inboard engines may be re-

duced to avoid excessive climb.  This has no effect 

on VMCA. 

Other test conditions used during flight-testing VMCA 

represent the worst case of each of the conditions for VMCA 

testing which will return the highest ï the safest ï VMCA to 

be published in the flight manual.  These conditions, that 

will be explained later, are: 

 Critical engine off and propeller feathered, if auto-

matic (and applicable); 

 Center of gravity most aft and laterally into the in-

operative engine, but within the approved envelope; 

 Lowest gross weight possible. 

Before actual flight-testing begins, a thorough (stability 

derivative) analysis of the subject airplane is performed to 

be prepared for any control or airspeed limitations that 

might occur during the testing.  VMCA testing is dangerous, 

and should not be performed without proper training and 

taking safety precautions. 

Normally, two types of VMCA are determined: static 

VMCA and the transient effects of an engine failure, also 

called dynamic VMCA.  Dynamic VMCA is of relevance im-

mediately after the sudden failure of an engine; static VMCA 

is for being able to continue the flight safely while an en-

gine is inoperative.  The highest of static VMCA and dynam-

ic VMCA will be listed in the airplane flight manual as the 

VMCA for the airplane. 

The flight test technique used to determine dynamic 

VMCA is, while at a safe altitude of at least 5,000 ft above 

ground level, to cut the fuel supply to the critical engine, 

wait 2 seconds for normal decision making and then recov-

er control.  This test is repeated at decreasing airspeed test 

points.  Dynamic VMCA will not be further discussed, be-

cause static VMCA is much more relevant for staying alive 

with a dead engine, the objective of this paper.  Dynamic 

VMCA is most often lower than static VMCA.  Static VMCA 

will be referred to as VMCA in the remainder of this paper. 

The flight test technique used to determine static VMCA 

is: at the safe altitude and using the configuration and con-

ditions described above, the airspeed is slowly decreased, 

while keeping the wings level, until either: 

 The heading can no longer be maintained, or 

 The rudder is maximum deflected or pedal force is 

150 lb (667 N), or 

 The ailerons are maximum deflected or roll control 

force is 25 lb (112 N). 

The speed at which this occurs is VMCA with the wings 

level.   

On some airplanes, VMCA cannot be determined because 

VMCA is lower than VS: these airplanes are said to be con-

trollable down to the stall which is to be preferred, but there 

is an important condition to this as will be explained later. 

Once VMCA with the wings level is determined, the test-

ing continues by banking the opted 3 to 5 degrees away 

from the inoperative engine after which the airspeed is 

further decreased until again one of the limits listed above 

is reached.  The calibrated airspeed at which this occurs is 

the VMCA for this airplane for the tested configuration.  This 

VMCA will , after extrapolation to sea level and correction for 

temperature, etc., be listed in the airplane flight manual or  

ï if required ï after reduction of the data to other altitudes 

or temperatures be presented in graphs in the airplane flight 

manual.   

4. Factors that have influence on VMCA  

4.1.  Effect of Bank Angle on VMCA .  FAR and CS 23.149 

and 25.149 (ref. 1 and 2) allow a bank angle of maximum 5 

degrees to determine VMCA.  A manufacturer will, in most 

cases, opt to use a bank angle between 3 and 5 degrees 

away from the inoperative bank angle to determine VMCA, 

as already described above.  The reason for the use of this 

bank angle will be explained in this paragraph.   

After failure of an en-

gine, many forces (solid 

lines in figures 1 and 2) and 

moments (dashed lines) act 

on an airplane; only a few 

(the biggest ones) are 

shown and will be dis-

cussed.  The figures show a 

sample turboprop airplane 

during equilibrium ï 

straight flight while an 

engine is inoperative.  It is 

important to realize that 

equilibrium (with asymme-

trical thrust) can only exist 

when both forces and mo-

ments are balanced.   

After failure of engine 

#1 on the sample multi-

engine airplane in figure 1, 

the asymmetrical thrust T 

of engine #2 generates a yawing moment NT about the 

center of gravity that can be balanced only by a yawing 

T
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Figure 1.  Straight flight ï 

wings level. 
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moment Nr generated by rudder side force Yr that is 

caused by rudder deflection r.  For equilibrium, this side 

force needs to be balanced by opposite side forces.   

When the wings are kept level as illustrated in figure 1, 

the only side forces available to achieve a balance of forces 

are side forces due to sideslip .  Sideslip  generates (in 

this case) not only a side force Y (normally for 

'weathercock' stability) opposite of Y r but also a side force 

T·sin  due to airflow bending caused by the propeller disc 

(or turbofan inlet), that both add up to equal rudder side 

force Y r for balance of side forces.  This means that when 

the wings are kept level, a sideslip is required for equili-

brium ï straight flight.  However, side slipping also causes 

drag that deteriorates the already reduced climb perfor-

mance.  This side slipping and therewith the drag can be 

reduced, as will be shown next. 

Aileron deflection a not only generates a rolling mo-

ment L a to counteract the propulsive lift moment LT, but 

also an adverse yawing moment Na for which also addi-

tional rudder deflection is required to compensate for.  On 

turbofan-equipped airplanes, the deflection of ailerons 

might be different from the deflection in the figures, be-

cause turbofans are mounted below the wings and do not 

generate propulsive lift.   

If, in accordance with regulations, a small bank angle of 

maximum 5° is used away from the inoperative engine, side 

force Y  in of the wings level case in figure 1 can be re-

placed by side force W·sin  as shown in figure 2.  Side 

force W·sin  acts in the center of gravity and generates no 

adverse or proverse mo-

ments.  The rudder does not 

have to counteract side 

forces due to sideslip, mean-

ing that the rudder deflec-

tion can be smaller, or the 

airspeed can be lower for 

maximum deflection as 

compared to the wings level 

case.  This is the reason that 

VMCA is lower when a small 

bank angle is maintained 

away from the inoperative 

engine.  If VMCA is lower, a 

takeoff can be performed at 

a lower speed, which in-

creases the maximum pay-

load (and profit) on the 

available runway length.  A 

small bank angle reduces 

the sideslip to (near) zero; 

hence, the drag is as low as 

possible which is favorable to the climb performance.  

These are reasons for using the small bank angle during 

flight-testing VMCA, and should be the reasons too for using 

the small bank angle during normal operations following 

the failure of an engine when the thrust is high and the 

airspeed low.   

Figures 3 and 4 show the effect of bank angle and gross 

weight on VMCA (through side force W·sin ) for a sample 

4-engine swept wing airplane with one outboard engine 

(#1) inoperative during straight (equilibrium), constant 

heading, 1 g flight and with the remaining engines produc-

ing maximum continuous takeoff thrust.  The plotted air-

speeds are the lowest possible airspeeds in the takeoff con-

figuration for the given bank angles and are calculated 

using the stability derivatives of this sample airplane while 

using the maximum of either aileron deflection (maximum 

20°), or rudder deflection (maximum 30°) or sideslip (max-

imum 14° to prevent the vertical tail from stalling), whi-

chever maximum occurs first.  The maximum allowed 

rudder pedal force is not included and might have effect on 

the data.  Experimental test pilots and flight test engineers 

would normally perform this kind of analysis before VMCA 

flight-testing.  A positive bank angle is in this case a bank 

angle away from the inoperative engine #1.   
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As can be seen in both figures, VMCA of this sample air-

plane, as determined by analysis (prediction), is below stall 

speed if a bank angle of 5° away from the inoperative en-

gine would be used.  If the manufacturer had opted for this 

5° bank angle and the data would have been confirmed by 

flight-tests, the airplane flight manual would state that the 

airplane is controllable down to the stall.  This being the 

case, the VMCA definition might not even be included in the 

flight manual.  As will be shown later, it would be benefi-

cial to the safety to include VMCA anyhow. 

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

away from the inoperative engine for determining VMCA (3° 

line in figure 3), then the VMCA listed in the airplane flight 

manual for this configuration would be 95 knots calibrated 

airspeed.  The actual VMCA would decrease with increasing 

weight, which is favorable to takeoff safety, until it de-

creases below VS.   

This decrease is also very common for straight wing tur-

boprop airplanes while banking 5° away from the inopera-

tive engine.  VMCA on these airplanes is often higher than 

VS for all weights.  If highest gross weight would have been 

chosen to determine VMCA, then the actual VMCA for any 

lower weight is higher and pilots would have to use weight 

as entry variable to determine the actual VMCA before every 

takeoff and landing to be prepared for engine failure (dur-

ing go-around).  This would require too much data and be 

too complex.   

Lowest gross weight is the worst-case weight for the 

magnitude of VMCA and is therefore used during flight-

testing.  Then the resulting VMCA is safe for all gross 

weights, provided the small bank angle is being maintained. 

Things change dramatically for this and other multi-

engine airplanes if the bank angle is not maintained away 

from the inoperative engine.  If the wings are kept level, the 

analysis shows that actual VMCA for this sample airplane, in 

this configuration, at all gross weights (WĀsin  = 0) will 

have become 119 kt, 24 kt higher than VMCA with 3° bank 

away from the inoperative engine and 11 kt higher than the 

stall speed VS at high weight.  This means that straight 

flight cannot be maintained at or below an indicated (cali-

brated) airspeed of 119 kt, following the failure of an out-

board engine while the wings are kept level and the oppo-

site engine is at maximum takeoff thrust setting (if all fac-

tors that have effect on VMCA are at their worst case values; 

see § 4.2).  The airplane is not controllable down to the stall 

anymore either. 

Actual VMCA will be even higher if the bank angle is only 

5 degrees into the 'wrong' side, which is into the failed or 

inoperative engine.  The 10° bank angle VMCA data are 

presented too and speak for themselves.  The increase of 

actual VMCA on straight wing airplanes will be smaller, but 

still a factor to consider. 

The powerful effect of side force W·sin  can be ob-

served in figures 3 and 4.  Of course, VMCA is the minimum 

speed for maintaining a straight flight equilibrium only, 

which an intentional turn is not, but the rudder and/ or aile-

rons might be maximum deflected, leaving no control pow-

er to be able to end the turn and return to straight flight 

once the airplane is allowed to bank away from the favora-

ble 3° ï 5° degrees, simply because the remaining aileron 

control power at VMCA is not an objective of VMCA testing.  

Pilots may therefore not count on any aileron control power 

left other than for maintaining the opted 3° ï 5° away from 

the inoperative engine if the airspeed is VMCA.  Figure 3 

will be used again in § 9, while discussing the takeoff safe-

ty speed V2.   

The VMCA that is listed in flight manuals is always de-

termined using the lowest possible gross weight and a bank 

angle of 3° to 5° (as opted by the applicant) away from the 

inoperative engine, which provides a safe VMCA whatever 

the actual airplane gross weight is.  This also implies that 

the VMCA listed in flight manuals is only valid on the condi-

tion that the bank angle is the opted (3 to 5) degrees away 

from the inoperative engine.  This small bank angle also 

keeps sideslip angle  (near) zero, which keeps the drag 

low.   

Although the flight manual of this sample airplane might 

state that the airplane is controllable down to the stall, this 

will only be the case as long as the bank angle is the same 

as used to determine VMCA.  As can be observed from figure 

4, actual VMCA (for low gross weight) is expected to be 

higher than VS if the bank angle is less than 4° or greater 

than 6° (during equilibrium).   

Maintaining the opted (3° to 5°) bank angle away from 

the inoperative engine is essential for safety during takeoff 

or go-around following the failure of an engine and during 

flight while an engine is inoperative, for this airplane and 

most probably for all multi-engine airplanes.  This very 

small bank angle will prevent a dead engine from turning 

into a killing engine.  

4.2.  Other factors that have influence on VMCA .  Actual 

VMCA, that is the VMCA that the pilot would experience in 

flight given the actual configuration and actual conditions 

instead of the worst cases used during VMCA testing, de-

pends on many variable factors:  

 Thrust: flexible, less than maximum.  The lower the 

thrust, the lower the asymmetrical thrust moment 

and the less rudder deflection or airspeed is required 

to counteract the asymmetrical thrust moment: ac-

tual VMCA decreases ï is safer.  VMCA needs to be de-

termined using the highest thrust level that is setta-

ble by the pilot from the cockpit. 

 Position of the center of gravity (cg).  During testing 

for VMCA, an aft cg is used.  This is the worst case cg 

because then the moment arm from cg to rudder is 

shortest and hence, rudder control power is lowest.  

Any more forward cg position lengthens the moment 

arm to the rudder, leading to less required rudder 




