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Speed for best single engine rate of climb
Weight

Side force due to Weight W and bank angle ¢
Side force due to sideslip angle

Side force due to rudder deflection &;

x body axis (to front and aft, thru cg)

y body axis (out wings, thru cg)

z body axis (down out of bottom, thru cg)
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1.

INTRODUCTION

1.1. Engine failures or, in general, propulsion system malfunctions of multi-en-
gine airplanes continue to result in serious incidents and fatal accidents all across the
globe quite frequently, although the airplanes were designed, flight tested and certifi-
cated to continue to fly safely, both immediately following such a malfunction as well
as during the remainder of the flight while an engine is inoperative. Between January
1996 and 2015, more than 400 accidents were reported on the Internet (by only a few
Western countries) causing more than 3,500 casualties (ref. 1). After reviewing many
accident investigation reports, it was noticed that most flight instructors, (airline) pi-
lots and accident investigators explain the minimum control speed (Vwmc), today
mostly abbreviated Vmca (Vmc in the Air), and the remaining performance after en-
gine failure of multi-engine airplanes in a different way than airplane design engi-
neers, experimental test pilots and flight test engineers do. This difference in interpre-
tation has, to the opinion of the author of this report, resulted in many incidents and
catastrophic accidents because of the loss of control and/or decrease of performance
following a propulsion system malfunction or while an engine was inoperative, and
in incorrect and incomplete conclusions and recommendations in accident investiga-
tion reports. A separate, less scientific paper (ref. 2) was written for CPL and ATPL
pilots and student pilots on Control and Performance during Asymmetrical Powered
Flight that complies with published Learning Objectives. For viewing, rather than
reading, a video is published on YouTube, ref. 3. Reports and video assume the read-
ers and viewers have a basic understanding of airplane control and performance.

1.2. The objective of this report is to bridge the obviously existing knowledge gap
on the subject of airplane control after engine failure between the design engineers,
experimental test pilots and flight-test engineers — supported by aviation regulations
— on one side, and other pilots, flight instructors as well as airplane accident investi-
gators on the other side. This report briefly describes almost all that pilots and accident
investigators should know about the controllability of an airplane after engine failure
or while an engine is inoperative, on the ground and in the air. Included are brief
descriptions of the design methods of the vertical tail and of the experimental flight-
tests to determine the minimum control speeds in the air and on the ground to be able
to improve the understanding of the controllability of an engine-out multi-engine air-
plane and the limiting airspeeds. Some imperfections in Airplane Flight Manuals
(AFM) and on required placards in cockpits of Part 23 airplanes, that relate to con-
trollability and performance after engine failure, are discussed as well, as are the real
values of rotation speed Vr and takeoff safety speed V; of Part 23 Commuter and Part
25 airplanes. In 8 8 and § 9, flight-test knowledge-based analyses of six accidents after
engine failure are presented using data out of accident and incident investigation re-
ports, both with and without available data of Flight Data Recorders.

1.3. The author of this report is a graduate Fight Test Engineer of the USAF Test
Pilot School (TPS), Edwards Air Force Base, CA, Class 85A. During the one-year
course, all aspects of experimental flight-testing and evaluation of aircraft and its sys-
tems are taught to the students (pilots and engineers) for obtaining the qualification/
endorsement to prepare and conduct experimental flight-testing of all types of air-
planes (and simulators), military or civil, single, or multi-engine during first flights,
qualitative evaluations and flight-test programs following alterations or modifications
of airplanes. The TPS entry level in 1985 was a Master of Science degree in engineer-
ing or a Bachelor and an entrance exam, and for pilots also 1,000 flight hours. About
50% of the time were academic hours, the remaining time was for actual flight-test
training and gaining flight-test experience in over 25 different types of aircraft and
simulators, and of course for preparing test-flights, and study for 32 exams and many
check rides throughout the year.

The training included the theory and actual engine-out flight-testing of propeller and
turbojet/ fan airplanes during and following the intentional shut down in the air of one
engine on two-engine airplanes (n-1), and of one and two engines on the same wing
on four-engine airplanes (n-1 resp. n-2). The acquired flight-test data of such flight-
tests are used to calculate the dynamic and static Minimum Control speeds in the Air
(Vwmca) for publishing in the limitations section of AFM’s.
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1.4. This report was written using Federal Aviation Administration (FAA) and
European Aviation Safety Agency (EASA) Flight Test Guides (FTG), ref.'s 3, 5, 6,
Federal Aviation Regulations (FAR), ref. 7 and EASA Certification Specifications
(CS), ref. 6, aeronautical university series of books by Dr. Jan Roskam, University of
Kansas, ref. 8, course books of USAF TPS, ref. 9, Empire TPS, UK, ref. 10, and US
Naval TPS, ref. 11. More and alternate links can be found on the Links page of the
website of AvioConsult: https://www.avioconsult.com.

1.5. This report does not include the methods for the actual investigation of the
wreckage debris, but only analyses FDR and other data of investigations. The data
that should be available and used for analyzing control and performance of airplanes
following propulsion system malfunction related incidents or accidents will also be
discussed. Although text and figures mainly present propeller airplanes, the theory
applies to turbojet- and turbofan-equipped airplanes as well.

1.6. After reading this report, pilots will improve airplane control after engine
failure, and airplane accident or air safety investigators will be able to improve the
analysis of airplane accidents following a propulsion system malfunction. The engine-
out performance and the real value of the Vuc's, that are published in the AFMs of
multi-engine airplanes, as well as the conditions for which Vuca is valid, will be un-
derstood much better, which is of vital importance for including appropriate conclu-
sions and recommendations in the accident investigation/ safety reports. These reports
will become much more valuable for preventing propulsion system malfunction re-
lated accidents and incidents in the future.

2. AIRPLANE CONTROL WHILE AN ENGINE IS INOPERATIVE

Lift (L)

Centripetal

>~ || / Force
SR - 7SN
Horizontal and T~
vertical (earth) .
axes Weight (W)

Figure 1. Centripetal force as com-
ponent of Lift in flat earth referenced
coordinate system.

i, Thrust yawing

Ve ot _

\ Body-fixed ~,_ Thrust
X axis;—. moment
y axis arms

"

Rudder

. : moment
Body-fixed arm
zaxis ~ Lift
‘“\SSS@T ;:Sidf force
Body-fixed T T o=
y axis , _~Weight (W)
/ —— Bank angle ¢

Figure 2. Forces and moments, in-
cluding side force as component of
weight, in the body-fixed axis system.

2.1. Forces and moments acting on an airplane

2.1.1. Anairplane in-flight has six degrees of freedom, it can accelerate and move
forward and aft, sideways left and right, up, and down and also rotate about three axes.
The translational and rotational motions are not only caused by external forces that
act on the airplane, but also due to aerodynamic forces and moments caused by control
inputs of rudder, aileron, and elevator in the three axes and by the propulsion systems
and its malfunctions or other failures of the airplane itself. These forces and moments
are vector quantities that have a direction and a magnitude. A force moves a body in
the direction of the force, a moment (is a force x its perpendicular distance — called
arm — from the center of gravity) produces a rotation of a body about an axis. It is
unavoidable to mention forces and moments when analyzing airplane control when
an engine fails or is inoperative.

2.1.2. There are several coordinate systems in use to describe forces and moments
that act on an airplane. Pilots are used to explain turns using the centripetal force,
which is the horizontal component of the lift generated by the wings in the flat earth
referenced coordinate system (that is fixed to the aircraft’s center of mass — center of
gravity), as shown in Figure 1, which is similar to the inertial system. The lift of the
wings and the drag are, by definition, perpendicular resp. parallel to the velocity vec-
tor. As shown in Figure 1, the weight of the airplane acts along the vertical axis (to-
wards the center of the earth) and hence has no side force (lateral) component in this
axis system. The vertical component of the lift (L-cos ¢) must equal the weight to
maintain level flight. There is nothing wrong with using this axis system for calculat-
ing turns, as long as the airplane is healthy and the flight is coordinated. But in this
coordinate system, the lateral-directional forces, and the rolling and yawing moments
about the horizontal and vertical (earth) axes cannot easily be expressed and analyzed.
These forces and the resulting moments though, are needed during the analysis of the
controllability after engine failure, which is the subject of this report. Therefore, in
order to describe and explain the controllability of an airplane after a propulsion sys-
tem malfunction, another coordinate system is a lot easier to use: the body-fixed co-
ordinate system (Figure 2).

2.1.3.  As shown in Figure 2, the three body axes are fixed to the airframe, hence
move with it and originate also in the center of gravity; the positive x-axis points
toward the front, the positive z-axis points down the bottom and the positive y-axis
points to the right, parallel to the wings; all three axes are perpendicular to each other.
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Figure 3. Lateral forces and mo-
ments (in the y body axis) immedi-
ately after engine failure — propeller
airplane.

Figure 2 shows that the lift of the wings acts along the z-body axis and therefore has
no side force, no lateral component in this axis system. The weight acts towards the
center of the earth and has components in the z and y body axes. The lift must equal
the z-axis component of the weight (W-cos ¢) to be able to maintain level flight. The
component W-sin ¢ of the weight provides for a side force in the direction of the y-
body axis.

The body-axis system allows the fairly easy analysis of the effects of rudder and ai-
leron inputs, of sideslip angle B, of weight W and bank angle ¢ and of asymmetrical
thrust T on the lateral and directional forces and moments that act on the airplane,
reason why this coordinate system is also used by aeronautical engineers during de-
signing the airplane and by experimental test pilots to prepare (engine-out) flight test-
ing.

2.1.4. In this report, only the most relevant forces and moments, that act in the
body-fixed axes on an airplane and that play a significant role for controlling an air-
plane laterally and directionally before and after engine failure, will be discussed.

2.2. Equilibrium of forces and moments

2.2.1.  For equilibrium during straight flight, i.e. for steady straight trimmed flight
(trims + manual control inputs), balance is required of all forces and of all moments
that act on an airplane; both the sum of all forces and the sum of all moments (in their
respective axis) need to be zero, not only when all engines are operative, but also if
one or more engines are inoperative. A change in any force will change the sum of
forces and moments and hence, results in an acceleration in the direction of the new
resultant force that only ends when both the sum of all forces and the sum of all mo-
ments are again zero. Only then, a new equilibrium, a new balance of forces and mo-
ments, is achieved. If the sum of all forces and the sum of all moments cannot become
zero anymore, then the airplane continues to accelerate and/ or rotate; the airplane is
out of control.

Below, first the forces, moments and motions after engine failure are briefly ex-
plained, then the tail design considerations of the engineer responsible for designing
and sizing the vertical tail at the drawing board, followed by several options for main-
taining equilibrium and safe flight with an inoperative engine.

In the figures presented in this report, not all of the forces and moments that act on an
airplane are shown; the ones shown are not to scale.

2.3. Forces, moments, and motions after engine failure in-flight

2.3.1. At the instant an engine fails, the sum of the forces and the sum of the mo-
ments are no longer zero. In general, if one or more of the forces or moments that act
on an airplane change after engine failure, the airplane starts accelerating and/ or ro-
tating in the direction of the resultant force and moment. The motions continue until
both the sum of the forces and the sum of the moments that act on the airplane are
again zero and some kind of balance/ equilibrium is established, which might not be
the balance, i.e. the attitude or flight path that the pilot wants (Figure 3). The pilot has
influence on the motions by using the aerodynamic controls in the three axes (as long
as the airspeed is high enough) and by changing the thrust of the engine opposite of
the failed engine.

2.3.2.  After engine failure, the power or thrust distribution on the airplane is no
longer symmetrical. The asymmetrical thrust of engine #2 in this case (Figure 3) gen-
erates a yawing moment (N+) that, if the airspeed is low and the thrust is high, yaws
the airplane through a large angle in the direction of the failed or inoperative engine.
The yaw rate is not always large and might, in the dark or while in IMC, be undetected
for a while. The drag of the propeller of the failed engine, unless feathered, adds to
the asymmetrical thrust T, as does the spillage drag of a turbojet or -fan engine, and
generate destabilizing yawing moments (increases the yawing moment, makes it
worse). A sideslip B develops, which instantaneously increases the drag (D) and hence
decreases (climb) performance and airspeed. Due to sideslip f, the vertical tail gener-
ates side force Y that is stabilizing because the moment Nj that this force generates,
limits the sideslip to a certain value (weathercock stability).

The sideslip also generates a destabilizing side force T-sin {3 (in front of the center of
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gravity) generated by airflow bending of all (operative) propeller discs or turbojet/fan
inlets, as long as the thrust setting is high.

2.3.3.  Not only yawing moments act on the airplane after engine failure. On pro-
peller airplanes, the blown wing section(s) behind the propeller(s) of the operative
engine(s) produce more propulsive lift than the other wing. This generates a rolling
moment (L) into the failed or inoperative engine. Sideslip also generates a rolling
moment L caused by blanking of a wing from the free airstream, in this case the left
wing, and by the relative wind blowing under the high wing, called the dihedral effect
(upward angle of the wings). The asymmetrical slipstream of the propeller will also
have effect on the vertical tail or fin as sideslip B increases. The last (but not least)
side force discussed here is the side force due to banking. While banking with bank
angle ¢, a component of the weight W of the airplane acts as side force W-sin ¢ in the
center of gravity of the airplane in the direction of banking (in the body-fixed y axis).
As mentioned before, the wing lift has no lateral component in the body axis system.

2.3.4.  Turbofans mounted underneath the wings (Figure 4) do not produce propul-
sive lift. The swept wings of these types of airplane however, generate a larger rolling
moment Lp due to sideslip and the resulting larger frontal area of the upwind swept
wing and the reduced frontal area and blanking by the fuselage of the downwind wing.

2.3.5. The sum, the resultant of the side forces will start accelerating and conse-
quently displacing the airplane sideward to the dead engine side. The flight path will
be less climbing or even descending because of the increase of the drag. The sideward
acceleration causes the relative wind and sideslip angle 3 to reverse to the other side
and the weathercock stability Ng will start to turn the nose of the airplane to the
ground. This of course is just one possible scenario; nevertheless, this actually took
place following several engine failures, including a Boeing 747 in Amsterdam in
1992. The crews could not put an end to this out-of-control situation because the aer-
odynamic control power of the lateral and directional control surfaces was not large
enough due to a too low airspeed. The control power that the vertical tail with rudder
can develop is not unlimited, as will be discussed below.

2.3.6.  Without appropriate crew response to a propulsion system malfunction, the
rolling will also continue under influence of the dihedral of the wings or, on propeller
airplanes, under influence of the asymmetrical propulsive lift despite opposite aileron
control input. Ailerons might not be effective enough to counteract the rolling moment
if the airspeed is low and the sideslip angle is large. On some airplanes, spoilers might
kick in to assist the roll control as soon as the aileron control wheel is exceeding a
fixed control wheel angle (often 7 degrees). Although this generates a stabilizing yaw-
ing moment, it increases the drag as well, and deteriorates the already reduced climb
performance even further.

Most takeoff engine failures regrettably end with a collision with the ground (unless
the pilots did read this report).

2.3.7. The pitching moment change caused by engine failure is usually small and
the horizontal tail and elevator are dimensioned to be able to handle the change easily
and maintain control of the airspeed. Furthermore, the airspeed is always to be higher
than a factor 1.13 to 1.3 times the stall speed (depending on the flight phase), so the
probability of an aerodynamic stall and loss of pitch control is small. Therefore, pitch
control is not further discussed.

2.3.8.  Summary. After an engine failure during takeoff or go-around, large changes
in lateral and directional forces and moments occur due to the high asymmetrical en-
gine thrust and the limited control power of the aerodynamic control surfaces at low
speed. The resulting dynamics and motions can be very slow, but also more violent.
Motions will continue until a new balance of forces and moments is established. If
both the airspeed and the altitude are low, this might never happen while the airplane
is still in the air. Turbofans, after failure, take longer to spool down, so the dynamics
of an engine failure might not be as violent as the dynamics after an engine failure on
turboprop airplanes. In any engine failure case, the crew response to a propulsion sys-
tem malfunction must be rapid and appropriate.
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Figure 5. How large should
the vertical tail be made?

2.4, Tail design and birth of minimum control speed Vmca

2.4.1. The vertical tail with rudder is the only aerodynamic control surface available
to a pilot to counteract asymmetrical thrust. Closing the throttles also removes the
thrust asymmetry, but then no performance is left. During the design phase of a multi-
engine airplane, the design engineer faces the challenge of designing a vertical tail
with rudder that will be able to generate the aerodynamic force required to counteract
the large asymmetrical yawing moment caused by the remaining engine(s) after fail-
ure of one or more engine(s) and by other forces. The vertical tail should be as small
as possible to save cost and materiel (weight).

The power or thrust (T) of engines (and propellers) varies with the engine character-
istics and mostly also with air temperature and pressure altitude (density). The maxi-
mum asymmetrical thrust yawing moment (N+) that is to be counteracted by the ver-
tical tail with rudder (Ns) is, on two-engine airplanes, the yawing moment after the
failure of the critical engine and, on four or more engine airplanes, the yawing moment
after the failure of two engines, the critical engine as well as the engine inboard of it
on the same wing. Other yawing moments such as caused by sideslip (T-sin ) and
aileron deflection (8a) should be included as well. The remaining engine(s) is/ are
assumed to produce the maximum thrust the pilot can set from the cockpit. The failure
of the critical engine leads to the largest yawing moments as compared to the other
engine(s). Critical engine is further explained in § 4.5 below.

The lift or force that an aerodynamic airfoil produces can be determined with the lift
equation %pV2SCL. in which p is the air density, V is the airspeed and S is the surface
area of the aerodynamic airfoil. The lift coefficient CL. does not only depend on the
shape and other characteristics of the aerodynamic airfoil, but also on its angle of
attack o to the incoming free air stream. The lift equation does not only apply to ‘hor-
izontal' airfoils, but to the vertical tail with rudder as well. Airspeed V has a significant
(quadratic) influence on the generated lift or force.

2.4.2. When the airspeed decreases or is low, the rudder deflection has to increase
to continue to balance the asymmetrical engine thrust, because the thrust itself does
not change if temperature and altitude do not change. However, the rudder has a max-
imum mechanical deflection angle and the vertical tail has a fixed size. In addition,
FAR and CS 23 and 25 (ref.'s 6, 7) present control force limits for both rudder (civil
150 Ib, military 180 Ib) and ailerons (25 Ib); these will be used in § 5.2.4 below.
Consequently, there must be a lowest speed at which the fuselage, vertical tail and
rudder generate a side force that is just high enough to counteract the asymmetrical
thrust. This lowest airspeed at which straight flight can just be maintained, or at which
either the lateral or the directional control deflection or force limit is reached, is the
minimum control speed airborne, or 'in the air', abbreviated Vmca. This is only a gen-
eral definition of Vuca, because there are many variables that have influence on Vuca.
This report explains that almost any configuration of an airplane has its own Vmca.
On some airplanes, the maximum aileron deflection or control force is reached before
the rudder deflection is maximum. Other airplanes might stall before Vmca is reached
(during deceleration). Contrary to civil airplanes, for military airplanes an aileron con-
trol power limit (75%) does exist besides an aileron control force limit (25 Ib). On
some airplanes, a rudder boosting system is used to increase the rudder deflection per
pound (unit) of pedal pressure (§ 4.12).

2.4.3.  Operators would like the airplane to have a takeoff speed as low as possible
to enable operations from short runways or with higher payloads from longer runways.
The takeoff speed of Part 23 airplanes and the rotation speed Vg of Part 23 Commuter
and Part 25 airplanes is equal to or greater than 1.05 Vmca (or 1.10 Vs, FAR/ CS
23/25.107). Vmca should therefore be as low as possible, hence the vertical tail large,
i.e. heavy and more expensive (Figure 5).

2.4.4. There is also a requirement for a minimum tail (fin) size. The smaller the
vertical tail, the higher the airspeed will have to be to continue to provide a large
enough yawing moment for counteracting the asymmetrical thrust and other adverse
yawing moments, such as spillage drag of a turbofan engine (with a stuck fan), drag
of a non-feathered propeller, sideslip, etc. Therefore, a maximum allowable Vuca ex-
ists: FAR/ CS 23 and 25 require that Vmca must be lower than 1.2 Vs resp. 1.13 Vs,
Vs being the lowest stall speed.

For designing the smallest possible tail while Vmca stays below that speed limit, the
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design engineer has to reduce the required rudder generated side force as much as
possible. This can easily be achieved by intentionally using a bank angle of a few
degrees away from the inoperative engine. This small bank angle adds a component
of the airplane gross weight (W-sin ¢) as a side force to the other side forces that act
on the airplane in the direction of banking (refer to Figure 3 and Figure 4). FAR/CS
23.149, 25.149 and equivalent allow the design engineer to use a bank angle of max-
imum 5 degrees for sizing the vertical tail with rudder. Because the design engineer
would like a vertical tail as small as possible to save manufacturing cost and weight,
the bank angle related side force W-sin ¢ is always used during sizing the vertical
tail.

2.4.5. This design technique, i.e. the use of side force W-sin ¢ for balancing the
side forces while an engine is inoperative, has consequences for pilots for maintaining
control after engine failure. The vertical tail including rudder of a multi-engine air-
plane is designed and built to a size that generates just a large enough side force for
maintaining straight flight after engine failure, while banking a few, up to a maximum
of 5° away from the inoperative engine. The design engineer most often opts for a
fixed bank angle between 3° and 5° away from the inoperative engine for the sideslip
angle B to be zero, and hence for maximum remaining climb performance. Dr. J. Ros-
kam (KU) discusses this design process in detail in ref. 8.

It is important to remember that tail design engineers assume straight flight at airspeed
Vwmca i.a.w. FAR/CS 23.149 and 25.149, and apply a small bank angle during the tail
design process, because this reduces the required size of the vertical tail with rudder
(saving money and weight), and reduces the sideslip, hence drag, for maximum re-
maining rate of climb.

2.4.6. The exact bank angle to be used during tail design can be analyzed and cal-
culated using the equations of motion with the stability derivatives of the airplane. For
flight test purposes the equations can be simplified by assuming small angles, and
unaccelerated, 1 g, constant heading flight and then used to predict Vmca, B, 8a and &
for varying weight (mg) and bank angle (¢). Inertia terms are constant and the aero-
dynamic forces and moments depend only upon the relative orientation angles o and
B. These simplified lateral-directional equations are shown (for information only) in
Figure 6 below, but were solved to calculate the figures below for a turbojet/fan air-
plane (ref. 13). The equations are not valid for a propeller airplane because a propul-
sive lift term is not included.
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—__y_mg?e
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Figure 6. The three simplified linear simultaneous lateral-directional equations.

The term mgd, for small bank angles in radians, in the first, the side force, equation
(Fy —right hand side) is the same as W-sin ¢ with ¢ in degrees. Noteworthy is that the
airspeed (dynamic pressure q), wing area (S), wingspan (b), aileron (3.) and rudder
(6r) deflections and sideslip () not only have effect in the side force equation, but also
in the roll (2"%) and yaw (3') equations, of which the magnitudes are determined by
the C-coefficients, that the manufacturer knows or that can be determined during
flight-testing. Lt is the aerodynamic rolling moment about the x-axis and Nt is the
aerodynamic yawing moment about the z-axis, both due to Thrust (T). Suffix trim
means the variable is for equilibrium, steady state trimmed flight.

2.4.7.  These simultaneous linear equations should not be solved individually. Since
there are four variables in these three equations (¢, a, 6r and f3), many states of equi-
librium are possible, but only the cases in which ¢ = 0° and B = 0° are of most interest.
Zero bank angle is easy to fly (IMC) and zero sideslip causes the total drag of the
airplane to be minimal, which is favorable to the remaining climb performance after
engine failure.
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2.4.8. Figure 7 below shows the results of solving the three equations with the co-
efficients of a sample 4-engine swept wing airplane, which is described in detail in
ref.'s 12 and 13. The top graph presents the actual minimum speeds (i.e. actual Vmca's)
at which equilibrium of forces and moments is possible for bank angles into and away
from the inoperative engine. The bottom graph presents, besides aileron (32) and rud-
der deflection (5;), also sideslip angle B. The design engineer selects the exact bank
angle for which the sideslip angle is as small as possible, therewith reducing the drag
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Figure 7. Analyzing the required bank angle for smallest tail size and expected Vyca
on a sample 4-engine airplane.

and maximizing the remaining climb performance when an engine is inoperative. For
this example, a bank angle of 4° was chosen; sideslip p will then be zero. The expected
Vwmca With that bank angle will be approximately 85 kt, which is lower than 1.2 Vs as
required by Regulations.

Vwmca is always determined at the lowest weight, being the worst-case weight for
Vwmca, because then side force W-sin ¢ is smallest and Vmca highest. This weight ef-
fect on Vmca and also Figure 7 will be discussed in detail in § 4.3 below.

2.4.9.  From the engineering or hardware point of view, there is nothing wrong with
this tail design approach at the drawing board; it is in accordance with the applicable
Aviation Regulations FAR/CS 23 and 25. During actual flight however, the lowest
airspeed for maintaining straight flight (Vmca) can deviate from the value that was
used for designing the vertical tail. Therefore, Regulations require flight-tests to be
conducted to determine the airspeed below which straight flight can no longer be
maintained after both a sudden engine failure (dynamic Vuca), and while an engine is
inoperative (static Vmca). During these flight-tests, the flight-test crew would nor-
mally use the same bank angle (¢) that was used to design the vertical tail, which is
also the bank angle at which the sideslip angle (B) is as small as possible for the test-
weight (Figure 7). The flight-test measured lowest speed at which straight flight can
be maintained, while banking the same bank angle that was used to design the vertical
tail and while the airplane is in the flight-test configuration, is the standardized mini-
mum control speed in the air (Vwuca) of the airplane that is published in the AFM as
an operational limitation. The dynamic and static Vmca flight-tests will be explained
in § 5.2 below.

2.4.10. Figure 7 also shows the required rudder reversal for this sample airplane at
bank angles larger than 5° into the good engine. This is caused by the increase of side
force W-sin ¢ with increasing bank angle ¢ and hence increasing sideslip into the good
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engine side. This increasing sideslip increases the opposite side force due to sideslip
(Y ) after which less or even opposite rudder is required for maintaining the equilib-
rium of forces and moments. In § 2.10.3 below, on turns, this effect is further dis-
cussed.

2.4.11. Review of many accident investigation reports revealed that pilots are not
(made) aware of the tail design-imposed limitations, which are in fact hardware limi-
tations, and of the bank angle that needs to be applied for the AFM-published Vmca
to be valid. Hence, many pilots do not know that they should maintain straight flight
only while also maintaining a small bank angle away from the inoperative engine for
the vertical fin to be able to maintain the equilibrium of side forces and yawing mo-
ments when the airspeed is low and the asymmetrical thrust is high. This is neither
prescribed in the AFM, nor included in the engine emergency procedures of most
multi-engine airplanes, except in the AFM and Performance Manuals of Lockheed
airplanes. This is, to the opinion of the author, why accidents after engine failure hap-
pen. Pilots of Part 23 Commuter and Part 25 airplanes use rotation speed Vg and take-
off safety speed V- and not Vmca anymore. However, Vr is derived from Vuca and
V; from both Vuca and the stall speed Vs, making Vmca important to pilots of all
multi-engine airplanes. Vr and V; are explained in § 6.4 resp. § 6.5 below.

2.4.12. Vwmca is in fact a procedural or software fix (on paper) for a hardware short-
coming (too small a vertical tail). The significance of Vmca for the controllability of
a multi-engine airplane after engine failure seems well documented in FAR, EASA
CS, AFMs and textbooks, but — in fact — it is not. If the applicable Vmca and/ or Vg
and V- are readily available to pilots before every takeoff or go-around, why do engine
failures, or in-flight simulation or demonstration of engine failures during training,
still turn into catastrophes so often? Many publications were written to answer this
question, but most reports and papers only discuss the early recognition of engine
problems, incorrectly conclude a stall, or simply conclude 'inappropriate crew re-
sponse to propulsion system malfunction' (ICR/PSM). Vmca is defined in FAR/CS
23.149 and 25.149; its definition is further discussed in § 5.5 below.

2.4.13. Summary. The vertical tail with rudder of multi-engine airplanes is designed
to be just large enough for maintaining straight flight while an engine is inoperative,
while the thrust on the remaining engines is at maximum takeoff setting and the air-
speed is as low as Vmca, provided a bank angle of a fixed number of degrees, as de-
termined by the tail design engineer (usually between 3° and 5°) away from the inop-
erative engine, is being maintained. Vertical tail and rudder are definitely not large
enough for maintaining control during turns at low speed and high-power settings.

2.5. Recovery after engine failure in flight

2.5.1. To recover to steady straight and controlled flight, first the airplane motion
must be arrested as soon as possible to prevent an uncontrollable attitude from devel-
oping. The controls available to the pilots are the aerodynamic controls: rudder, ailer-
ons and elevator, and a propulsive directional control: the throttle or power lever of
the engine opposite of the inoperative engine. As was explained above, the vertical
tail and rudder are normally sized — and the rudder on big airplanes is boosted — to be
able to provide high enough control power to counteract the yawing generated by the
maximum asymmetrical engine thrust after an outer engine fails down to certain min-
imum speed, the minimum control speed Vuca. Ailerons have small control power
under low-speed conditions as well, but are — on some airplanes — assisted by power-
ful spoilers. All pilots are aware though that the downward deflection of an aileron
increases the local angle of attack of the wing section in front of that aileron, which
— if the airspeed is low — might lead to a partial wing stall that results in an uncom-
manded roll, which only aggravates an already critical situation. Aileron deflection
also generates adverse yaw and additional drag that both affect the sum of the yawing
moments as well.

2.5.2.  The moments needed for recovery after engine failure are a yawing moment,
that adds to Ng, a rolling moment Ls, opposite of the propulsive lift moment Lt and
the rolling moment due to sideslip Lg (Figure 8). The rudder is the only aerodynamic
control available to balance or counteract Nt. The side force due to rudder deflection
Ysr can provide a yawing moment Ns that adds to the yawing moment Np due to the
sideslip side force Yp (that normally provides the weathercock stability) to balance

Copyright © 2005 — 2024, AvioConsult

15



AvioConsult

Airplane Control and Analysis of Accidents after Engine Failure

o SideslipH
3:\::.\_, angle B, : Thrust yawing

— ol \*. moment N,
Ailerons yawing ‘;’C" :
‘ TThrust

/
N +J‘* T-sin B

moment N;, [

Rudder yawing| I
morHent N Sideslip yawing

_Amoment Ny

Sidé force due
to sideslip Y

Rudder side

force Y, i
Rudder

deflection &,

Ailerons
rolling Rolling moment L;

moment due to propulsive lift
Lsa 1 "

P Alleron
Rudder side P force
force Y5, Sideslip side

and rolling force Y, and
moment L, rollingmomentL

Figure 8. Straight flight with
wings level (¢ = 0°).

thrust yawing moments Nt. The ailerons (supported by spoilers) can be used to bal-
ance Lt and Lg.

2.5.3.  If the aerodynamic control power of rudder and/ or ailerons is insufficient to
recover to a safe equilibrium under high asymmetrical thrust conditions, then the air-
speed is below the actual* minimum control speed (actual Vmca). Normally the ele-
vator (pitch control) is used to adjust the vertical flight path and therewith to increase
the airspeed as required. However, if the airplane is just after liftoff or during a go-
around and is still close to the ground this might not be an option. If rudder and/ or
ailerons are not effective enough to provide the control power needed for recovery,
then the only option left is to decrease the problem-causing asymmetrical yawing mo-
ment Nt and/ or rolling moment Ly. This can be achieved by partly (though tempo-
rarily) closing the throttle of the engine opposite of the failed or inoperative engine,
therewith reducing the asymmetrical thrust moments Nt and propulsive lift Lt to a
level that is equal to or lower than the aerodynamic moments that are being generated
by rudder (Ns), vertical tail (Ng) and ailerons (Nss) at that very instant (and speed).
The throttle of the opposite engine has very large control power because it decreases
or even nulls the asymmetrical yawing moment on the airplane and decreases propul-
sive lift Lt. Of course, this 'propulsive control' aggravates an already critical perfor-
mance problem; the overall performance decreases for a while (until control is re-
gained). Nevertheless, controllability is more vital to survival than performance, es-
pecially if the altitude is low during takeoff or go-around; a wingtip hitting the ground
first results in more trouble than a controlled wings-level landing in the dirt. This
thrust effect is shown in the FDR data of the accident analyzed in § 8.4.

2.5.4.  The required control inputs in the roll and yaw axes to stop the dynamic or
transient motions after engine failure and to return to stabilized flight might be larger
than for maintaining equilibrium straight flight. Therefore, both a dynamic and a static
Vwmca are determined during experimental flight-tests. These flight-tests will be briefly
described in § 5.2 below.

2.5.5. Inthe paragraphs to follow, the three most relevant options for straight flight
while an engine is inoperative will be discussed.

2.6. Straight flight while an engine is inoperative

2.6.1. Following recovery, many combinations of rudder and aileron deflections are
possible that will achieve balance of lateral and directional forces and moments for a
safe straight (equilibrium) flight. The two combinations or options that are most rele-
vant to takeoff and go-around will be discussed below. A third option, straight flight
with no rudder input, is presented because this also caused many accidents, amongst
which the accidents analyzed in § 8.4 and § 8.5 below. Although all options are good
for maintaining control, only one option leaves maximum climb performance and a
straight flight path (ground track) similar to all engines operative: straight flight with
zero sideslip, i.e. with a small bank angle, § 2.8.

2.7. Straight flight with wings level (bank angle ¢ = 0°)

2.7.1.  Aswas mentioned before, not all forces and moments that act on an airplane
are shown in accompanying figures, only the most important ones. Figure 8 shows
this option after reaching straight flight equilibrium.

2.7.2.  After failure of the left engine (#1) on our sample multi-engine airplane, 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 moment Ns; generated by rudder side
force Y5 However, Y also results in sideward acceleration and hence a sideslip built-
up. This sideslip B results in a side force Yp opposite of Ys and an ‘air-bending' side
force T-sin B generated by the thrust of operative propeller, that all decrease the side-
ward acceleration. The yawing moment Ng, generated by Yg, adds to the asymmetrical
thrust moment N+. Therefore, the rudder deflection needs to be increased to counteract
this yawing moment as well.

1"Actual Vmca' in this report means the real and instantaneous Vmca for the existing conditions, in the actual configuration with the
actual values of all variable factors that have influence on Vmca, unlike the worst case of the values used to determine the standardized
Vwmca that is published in AFMs. Actual Vmca can be higher or lower than the Vmca that is published in AFMs. Refer to § 4.
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Aileron deflection 8, not only generates a rolling moment Ls, to counteract the pro-
pulsive lift moment L, but also an adverse yawing moment Ns, for which also addi-
tional rudder deflection (Ys) is required to compensate for. On turbofan-equipped
airplanes, the deflection of ailerons might be different from the deflection in the fig-
ures, because turbofans do not generate propulsive lift.

2.7.3.  When the wings are kept level, the only side force that can balance side force
Y is the side force due to sideslip Yp. As the airspeed is decreased, Yp decreases (lift/
side force of the vertical fin with rudder deflected = VV?) and an increased rudder de-
flection is needed to balance Nt, which increases the sideward speed and therewith
Y until a balance is achieved of side forces and yawing moments for straight flight
with wings level. An equilibrium is possible (sum of forces =0 and sum of mo-
ments = 0) if the airspeed is high enough, but at the cost of increased drag and hence,
less (climb) performance.

2.7.4. The airspeed can be decreased until either one or more of the following lim-
itations are met, both with the trims at normal setting:

o Rudder deflection is maximum (at mechanical limit) or pedal force is
150 Ib (667 N — FAR/ CS 23 and 25, ref. 6) or 180 Ib (Military Specifica-
tion, ref. 14);

o Aileron control force is 25 Ib (112 N) and deflection is maximum (civil
FAR/ CS) or 75% (Military Specification; same references).

2.7.5. Below this airspeed, straight flight cannot be maintained; the rudder simply
cannot provide a high enough yawing moment N5, anymore to balance the adverse
yawing moments, like N+, etc. Therefore, this airspeed is the actual air minimum con-
trol speed Vwmca for flight with the wings level. 'Actual Viuca' is defined in a footnote
on page 16.

2.7.6. The ground track or flight path after engine failure during takeoff or go-
around is not the ground track that would be flown with all engines operative. As was
explained above, keeping the wings level results in a sideslip that causes the airplane
to deviate from the extended runway centerline while still maintaining the heading
(Figure 9). In case of airport operations from parallel runways, or in mountainous
terrain, a conflict might evolve when an engine fails on the side of the other runway
or mountain. The Standard Instrument Departure might be affected as well.

2.7.7. Summary. Although a good and easy to fly straight flight can be achieved
while keeping the wings level, a sideslip cannot be avoided. Hence, the drag is not as
low as possible to achieve maximum climb performance while an engine is inopera-
tive. This is the reason that some Part 23 airplanes at high weight will not be able to
achieve a positive rate of climb when the wings are kept level. Refer to § 7.8 for a
note that often accompanies engine inoperative performance data in AFMs. Further-
more, due to the unavoidable sideslip angle 8, the prop wash of operating engines
might disturb the airflow around the vertical tail, affecting the local angle of attack
and hence influencing the maximum obtainable rudder control power. The stall char-
acteristics might be degraded as well. During flight-tests performed by the author, the
sideslip angle required for straight flight during testing a small twin-engine airplane
in a certain configuration with an inoperative engine and level wings was observed to
be as large as 14 degrees.

2.8. Straight flight with zero sideslip (p = 0°)

2.8.1.  Zero sideslip means lowest drag possible and, hence, maximum possible
climb performance, which should be the preferred case for flight while an engine is
inoperative. If sideslip B is zero, there obviously will be no side force due to sideslip
(Yp). As explained in the previous paragraph, besides rudder and aileron deflections
to balance the asymmetrical thrust moments Nt and L, a side force opposite of Y is
required to balance this side force. Otherwise, the airplane will start side slipping into
the dead engine side again and B will not be zero. This balancing side force can easily
be generated. The tail design engineer already used it at the drawing board for sizing
the vertical tail (§ 2.4.4).
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2.8.2. When an airplane is banking, a component of the weight vector acts as side
force W-sin ¢ in the center of gravity. This side force can be used to replace Y of the
wings level case (8 2.7) and achieve a balance of side forces and hence, straight flight
after engine failure. Side force W-sin ¢ generates no rolling or yawing moments be-
cause this force acts in the center of gravity (the moment arm is zero). Side force
W:-sin ¢ varies obviously with the weight (W) of the airplane and the bank angle (¢),
acts in the direction of banking and is zero if the wings are level (sin 0° = 0).

2.8.3. In Figure 10, bank angle ¢ is approximately 5° away from the inoperative
engine, which generates a side force W-sin ¢ opposite of Ys, as is required for the
balance of the side forces. As was explained in § 2.4.4, the engineer designing the
vertical tail is allowed by FAR and CS to use a bank angle of maximum 5° for reducing
the required size of the vertical tail.

Side force W-sin ¢ not only depends on bank angle ¢, but also on the weight W of
the airplane. The required bank angle for zero sideslip will therefore also vary with
the actual weight of the airplane. The effect of bank angle and weight on Vmca will
be described in greater detail in § 4.3 below.

2.8.4. In this zero-sideslip case, the rudder side force Ys only has to generate a
moment for balancing Nt and Nsa (adverse yaw due to aileron deflection) and does
not have to overcome Yp and the other side forces due to B, like air bending force
T-sin B, so less rudder deflection & is required for the same airspeed as for straight
flight with wings level as discussed in § 2.7. Therefore, the airspeed can be further
decreased until again the Regulatory rudder and/ or aileron limitations, that were listed
in § 2.7.4, are reached.

2.8.5. The airspeed at which this occurs is an actual air minimum control speed
Vwmca for straight flight with zero sideslip in the given configuration. Flight-testing
has shown that for the given tail size a small constant bank angle, usually between 3°
and 5° away from the inoperative engine, generates a side force W-sin ¢ that is large
enough to replace Yp and the other side forces due to sideslip angle B. This bank angle
is called the favorable bank angle. W-sin ¢ generates no side effects since it acts in
the center of gravity. The ball of the slip indicator is in this case about half a ball width
to the right, or into the good engine(s).

2.8.6. Displaying sideslip B would be best for maintaining this zero-sideslip option
for all configurations and weights, but the sideslip angle cannot (yet) be easily meas-
ured accurately. A simple means would be a woolen tuft on the windscreen, but that
does not look very professionally on an airliner. A bank angle however, even as small
as 5°, can be read directly and quite accurately from the attitude display (ADI or FD).
The flight path/ ground track following an engine failure during takeoff or go-around
will be approximately the same as for all engines operating, which is favorable to
parallel runway operations (Figure 9 above).

2.8.7.  Another flight-tests based example: the actual Vuca of a small twin-engine
airplane in a certain configuration during testing decreased from 58 kt with the wings
level to approximately 53 kt with a favorable bank angle of 5° away from the inoper-
ative engine. As will be shown below, the small bank angle decreases the actual Vmca
up to 30 kt for bigger airplanes.

2.8.8.  Summary. The actual Vmca during straight — equilibrium — flight with zero
sideslip, i.e. with a small bank angle away from the inoperative engine, is lower than
actual Vmca with the wings level. The safety margin between the actual takeoff air-
speed and the actual Vmca during takeoff increases if a small bank angle is used,
which means that this small bank angle increases the safety considerably. For a con-
tinued takeoff or a go-around while an engine is inoperative, it is important that the
remaining performance is maximal, requiring the drag to be minimal, which will be
the case if the sideslip is zero. Sideslip is smallest when a small bank angle between
3° and 5°, depending on the airplane type, is attained and maintained. The engineer
designing the vertical tail used this zero-sideslip case and, hence, a small bank angle
for sizing the control surface. Zero sideslip is difficult to determine in-flight, but not
a small bank angle.
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2.9. Straight flight with zero (8- = 0) or partial rudder

2.9.1. This option is included because pilots do not always use adequate rudder to
counteract the yawing while an engine is inoperative; this happened too preceding the
accidents analyzed in § 8.4 and 8§ 8.5 below. Banking, rather than rudder is used to
control the heading. Figure 11 shows the forces and moments that act on the airplane
during straight equilibrium flight with zero rudder (&, = 0), which is the case if the
pilot would not deflect the rudder at all to counteract the thrust yawing moment Nr.
Then Yj is the only side force that can provide the yawing moment N required to
counteract Nt. Therefore, the required sideslip angle for balancing Nt will have to be
quite considerable at low airspeed (and high thrust setting); the airspeed needs to be
high enough for the vertical tail and fuselage to generate a large enough side force Y.
To counteract Yj, side force W-sin ¢ is required to balance Yp + T-sin  and prevent
sideward acceleration to the dead engine side. Bank angle ¢ is again away from the
inoperative engine and will usually be around 8 degrees at high weight and larger at
lower weights (W-sin ¢). This option for straight flight might look attractive because
no rudder input is required. However, the sideslip angle 3 at low takeoff or go-around
speeds can be quite considerable (greater than 20°) leading to high drag (which should
be avoided during takeoff) and to a high local angle of attack of the vertical tail which
might lead to fin stall and, consequently, to the sudden loss of directional control,
which is potentially dangerous. To avoid this loss of control, the airspeed needs to
increase, as is shown in Figure 7 for Vuca at bank angles greater that 7°. Also shown
is that the rudder deflection should reverse to reduce the side forces on the fin.

The prop wash might also have adverse effect on airstream around the vertical tail.
Hence, the actual Vwmca is increased. The airspeed with zero rudder needs to be higher
than when the rudder is deflected to balance the side forces. Because of the greater
sideslip angle and hence, higher drag, there might not be any climb performance left.
Therefore, zero rudder is not an option for maintaining straight flight during opera-
tions while an engine is inoperative; the rudder must be used to counteract the asym-
metrical thrust, to reduce the actual Vmca, reduce the drag and to maximize the climb
performance.

2.9.2. Ifthe rudder is deflected only partial and the side force Y, generated by the
rudder, is not large enough to counteract the asymmetrical thrust yawing moment, a
sideslip will develop and increase until the sum of Y and Y result in a yawing mo-
ment that is large enough to counteract the asymmetrical thrust yawing moment. The
lower the airspeed, the larger the sideslip angle will be. If the sideslip angle increases
too much, the vertical tail might also stall, leading to the loss of control. The actual
Vmca is still higher than the AFM-published standardized Vmca (for p = 0) and the
drag will reduce or even reverse the climb performance into a rate of descent. For a
given airspeed, the rudder deflection must be large enough to maintain the heading
(zero yaw rate) and to reduce the sideslip to near zero. Partial rudder is also discussed
in § 4.8 below.

2.9.3.  Summary. The drag during straight — equilibrium — flight with zero rudder
is much higher than with wings level and with a small bank angle away from the
inoperative engine. Actual Vmca will be higher than the AFM-published standardized
Vwmca. Zero or partial rudder might lead to stalling the vertical tail. This option is
therefore definitely not recommended for recovery following an engine failure and
during (straight) flight while an engine is inoperative.

2.9.4.  Subconclusion. After discussing three options for maintaining straight flight
equilibrium after engine failure or while an engine is inoperative, the following con-
clusion can be drawn. In case the airspeed is low while the asymmetrical power setting
is high, the only option for maintaining control of the airplane and for a maximum
positive rate of climb is to deflect the rudder as much as required for maintaining the
heading and to apply the small favorable bank angle away from the inoperative engine
to reduce the drag to a minimum. Then also Vuca Will be lowest. The manufacturer
should present the magnitude of the favorable bank angle together with the Vmca data
in the AFM, which is usually between 3° and 5° away from the inoperative engine —
to the same side as rudder pressure. Any other bank angle or less rudder deflection
than required for maintaining a zero-yaw rate will result in a less favorable balance of
side forces and in yawing and/ or rolling moments, which all result in increased drag
and in less or no climb performance at all, or in the complete loss of control. Some
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manufacturers limit the bank because roll-assisting spoilers kick-in when the control
wheel is rotated 7° or more, and therewith accept a higher than minimum Vmca and
higher drag.

2.10.

2.10.1. Inan all-engines operative steady level turn, the horizontal component of the
lift (L-sin ¢) provides for the radial acceleration toward the center of the turn. All
pilots know this, but don't get to learn that this is only valid for coordinated flight
(symmetrical thrust) and not for large bank angles. A knife-edge maneuver (straight
flight with 90° bank) cannot be explained with a horizontal component of the lift (in
the flat Earth coordinate system). Therefore, when reviewing forces and moments
while the thrust is asymmetrical, the body-fixed axis system is used, as airplane design
engineers and experimental test pilots & flight test engineers also do while working
with equations of motion, to calculate the required size of control surfaces or to pre-
pare engine-out flight-tests. In this body-fixed system (see also § 2.1.2 and Figure 2
on page 9 above), there is no component of the lift that plays a role as side force in
the direction of the y body axis, as shown in Figure 12, because lift acts perpendicular
to the y body axis. The weight vector of the airplane however, always points to the
center of the earth and indeed has, when banking, a side force component (W-sin ¢),
a component (W-cos ¢) in the z body axis (equal to the Lift (L)) and, while climbing
or descending, a component in the direction of the longitudinal x body axis (towards
the front or aft; not shown in Figure 12). Weight does not generate rolling, pitching
or yawing moments, because it acts in the center of gravity (moment arms are zero).

Control during turns when one engine is inoperative

2.10.2. When an engine is inoperative, the asymmetrical thrust yawing moment (Nr)
must be counteracted by one or more side forces that are generated by the vertical tail
with rudder due to a sideslip and/or by deflecting the rudder, not only during straight
flight as discussed before, but also during turns. An engine-out turn can therefore not
be a coordinated turn (ball not centered), certainly not at low speed and high (asym-
metrical) thrust setting. The rudder and/or a sideslip can provide for the required side
force to balance the thrust yawing moments if the airspeed is high enough, as was
explained above, but at the cost of drag (and climb performance). At high airspeed
less rudder is required, but at low speed, such as during takeoff and approach, much
rudder might be required when the asymmetrical thrust is high or is increased in order
to maintain the descent path, or for a go-around.

It is assumed that the turns discussed below begin with the airplane in a zero-sideslip
straight flight equilibrium as shown in Figure 12 and discussed in § 2.8 above. As also
shown in Figure 10 on page 17 above, in this straight flight equilibrium the side force
generated by the rudder (Ys) is equal to the side force component of the weight of the
airplane (W-sin ¢). Then the sideslip is zero, hence the drag as low as possible.

2.10.3. Figure 13 shows the most influential forces and moments that act on the air-
plane when banking approximately 15° into the operative engine. During increasing
the bank angle to 15°, side force W-sin ¢ increases after which the aircraft starts ac-
celerating to that side causing the sideslip to that side to increase, resulting in an in-
creasing opposite side force due to sideslip Y on the fin and fuselage, which in turn
generates yawing moment Ng. Other (destabilizing) yawing moments are caused by
air bending by the propeller (T-sin ) and by the (windmilling) propeller drag. The
increasing sideslip not only causes the increase of the horizontal angle of attack on
the vertical tail (fin) with deflected rudder, which might result in a fin stall, but also
unavoidable increased drag leading to the loss of altitude that needs to be compensated
by elevator input, increasing the Lift as long as elevator power is adequate and either
wing does not stall. These pitch forces and moments do not play a role in the lateral
equilibrium of forces and moments though, as mentioned before.

At larger bank angles, the sum of the sideslip and rudder yawing moments (Ng + Ns:)
might increase above the sum of asymmetrical thrust yawing moments (Nt and oth-
ers). To avoid the airplane to continue yawing the nose to the ground (about the cg),
it might therefore be required to reduce the rudder deflection, or even reverse the rud-
der deflection as discussed in § 2.4.10 and shown in Figure 7, both on page 14. For
the sample airplane used for calculating that figure, a bank angle larger than 5° into
the operative engine requires the pilot to reverse the rudder to be able to maintain the
equilibrium of lateral forces and moments and requires a higher airspeed to avoid the
fin to stall because of the increasing sideslip. Also note the rudder side force difference
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Figure 14. Turn into dead engine.

with Figure 10 on page 17. The reversed rudder decreases the horizontal angle of
attack on the fin, increasing the stall margin, but the sideslip is still large. If the rudder
is not reversed, then the rudder side force increases the sideslip side force causing an
increased yawing moment and increased drag; an equilibrium might not be achieved.
If the banking maneuver and the subsequent 'recovery' to straight flight result in a
different heading, then a kind of flat turn was made. Maintaining control during bank-
ing is more demanding when an engine is inoperative, and not always possible, as
many accidents prove. Many pilots lost control of their airplane during engine-out
turns because the airspeed was too low.

2.10.4. During a turn (banking) to the other side, into the inoperative or dead engine,
as shown in Figure 14, side forces also act to the other side as in Figure 13, with the
exception of the side force, or the sum of the side forces, that are required to counteract
the asymmetrical thrust. In this case, and at low speed and a high asymmetrical thrust
setting, the pilot will need up to maximum rudder into the good engine to maintain
balance of forces and moments, or if the rudder power at the current airspeed falls
short, a much higher airspeed (which might not be achievable at low altitude).
Safely turning while an engine is inoperative might be challenging during engine-out
training; the loss of altitude when losing control might be considerable.

See also § 8 and § 9 below for the analyses of accidents that occurred after banking.

2.10.5. Turns at low airspeed and high asymmetrical thrust settings, including after
takeoff, while in a holding pattern or in the traffic pattern for landing, result in an
increased sideslip angle, which in turn results in increased drag and hence, reduced
climb performance or an unavoidable rate of descent. Therefore, turning at too low a
speed is definitely not recommended at low altitude when the thrust is high or if the
(asymmetrical) thrust needs to be increased during the turn, but only at a safe altitude
when the increased sideslip angle and resulting loss of altitude during the turn do not
create a controllability or performance problem. If the airspeed is increased prior to,
and/or the asymmetrical thrust (throttle) is decreased a bit during the turn (temporar-
ily), the loss of control can be avoided, sometimes at the cost of some altitude. Con-
sider a less than maximum flap setting for the approach, for which less asymmetrical
thrust is required to maintain the glide path, and a higher approach speed which in-
creases the safety margin above the actual minimum control speed VmcL / Vmca. Use
extreme care with power applications in asymmetrical thrust operation, especially at
lower altitudes; be prepared to increase or decrease rudder with the thrust changes.

2.10.6. If during an engine-out approach an increase of (asymmetrical) engine thrust
to (near) maximum might become necessary for maintaining the approach path or for
a go-around, increased rudder and a small favorable bank angle are required to avoid
the loss of control. This cannot be done safely during a final turn from a close base
leg. Therefore, if an engine-out landing becomes necessary, it is much safer to conduct
a long straight-in approach. Refer also to § 4.3.9. In § 4.3 below, the effect of weight
and bank angle on Vuca will be illustrated in graphs. In § 5 below the flight tests to
determine minimum control speeds will be further discussed.

2.10.7. Summary. When turning while an engine is inoperative, a side force, i.e.
rudder, remains required to counteract the asymmetrical thrust yawing moment. A
turn while an engine is inoperative will therefore never be a coordinated turn. During
a turn into the good engine, the rudder input might have to be reversed to avoid over-
yawing. Turning either side increases the sideslip considerably leading to the loss of
altitude if the elevator power and/or the airspeed are inadequate to maintain altitude
or approach path; a much higher airspeed will be required. When an engine already
failed in-flight, consider a long straight-in approach with a less than maximum flap
setting to avoid making turns during which the thrust might have to be increased.

2.11.  Engine Inop Trainer

2.11.1. Avvery interesting and easily accessible reference for pilots and investigators
who want to understand the principles of airplane control after engine failure is an
Engine-Out Trainer presented on-line by the University of North Dakota. This trainer,
simulating a small twin, allows several variables to be changed to learn about their
effects on Vmca, drag, rate of climb, etc. Open the trainer by clicking the full URL in
ref. 15. More variable factors that influence the minimum control speed in the Air
(Vwmca) will be discussed in detail in § 4 below.
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3. PERFORMANCE WHILE AN ENGINE IS INOPERATIVE

NOTE

2° TO 3° BANK TOWARD
OPERATING ENGINE

Figure 15. Note required in legend
of OEI performance data tables in
Flight or Performance Manuals.

Max. ROC

Max. ROC n-1,
. $=3
SRRt~ 2 A orizontal Velocity

Vertical velocity

Figure 16. Vyse and Vxse before and after
engine failure (n-1) for two bank angles.

3.1 General Performance Considerations

3.1.1. In paragraphs above was already mentioned and explained that failure of an
engine not only has consequences for airplane control, but also for performance
(through the loss of thrust and sideslip angle ). When the wings are kept level (¢ = 0),
a sideslip cannot be avoided; if the bank angle is larger than the favorable bank angle
(between 3° and 5°) away from the inoperative engine, or if banked into the inopera-
tive engine, a sideslip cannot be avoided either for the forces and/or moments to be
balanced. A sideslip results in increased drag, which in turn results in less or no, or
even negative climb performance. In order to achieve the highest possible climb or
range performance while an engine is inoperative, the drag must be as low as possible.
This will be the case only when using the small favorable bank angle, as should be
specified by the manufacturer. This bank angle is usually between 3° and 5° away
from the inoperative engine and was also used to size the vertical tail. Then the side-
slip is minimal and hence, the climb performance maximal. Regrettably, only a few
manufacturers present the favorable bank angle. Below, the effect of bank angle and
weight on sideslip B, hence on performance, is presented in figures.

3.1.2.  The maximum climb performance for any given airplane configuration is
available when maximum thrust is set, the airspeed is adjusted to the required value
for either maximum angle/ range (Vxse) or for maximum rate of climb (Vvyse) and the
drag is as low as possible, i.e. sideslip B = 0 and the aircraft is configured for lowest
drag, i.e. gear up, etc. When OElI, the sideslip, hence drag is only minimal by main-
taining a small favorable bank angle, usually 3° — 5° away from the inoperative en-
gine, as explained in 8 2.4 and § 2.8 above and illustrated in Figure 7 on page 14.
Then the side force due to bank angle (W-sin ¢) replaces the side force due to sideslip
(Yp) that results from the rudder side force (Ys) that is required to counteract the
asymmetrical thrust yawing moment N+, resulting in zero sideslip — hence lowest
drag.

3.1.3. The airspeeds for maximum single engine climb and/or range performance
(Vyse and Vxse) are higher than Vuca. These higher airspeeds generate a larger rudder
generated aerodynamic side force Y. Therefore, the rudder deflection &, to counteract
the still same asymmetrical thrust yawing moment Nt can be smaller. In turn, the side
force W-sin ¢ to balance Y for lowest drag can also be decreased by reducing the
bank angle ¢ from 5° for the red-lined Vmca to 2° - 3° for blue-lined Vyse. Therefore,
in the legend of the OEI performance charts or tables, a NOTE should be included
saying that the presented OEI performance data is valid only if a bank angle is main-
tained of 2 to 3 degrees toward the operative engine (Figure 15) while the thrust is
maximum. In the OEI climb performance data of the PA-44-180 (page 5-24), the man-
ufacturer indeed presents this note. In addition, a configuration change (a cleanup)
might be recommended in the performance chart legend to decrease the drag, i.e. se-
lecting gear and/ or flaps up.

Roll control on some large airplanes is enlarged by using roll assisting spoilers. These
deploy asymmetrically to reduce the lift of the down going wing, as the roll control
wheel rotation exceeds 7 degrees. Spoilers though, also increase the asymmetrical
drag and decrease performance.

3.1.4.  Figure 16 shows the Rate of Climb/Descent (ROC/ROD) and Vyse and Vxse
with and without a favorable bank angle. To achieve maximum ROC or range, the
airspeed must be Vyse resp. Vxse (tangent to the curve) while maintaining a small
bank angle. When the ROC is zero, Vyse and Vxse are equal. During drifting down
with the wings level, Vxse (speed for maximum range) for this sample airplane is
higher than Vvsg, the blue line speed.

3.1.5. The standardized Vmca that is published in the limitations section of AFMs
was determined using the small bank angle for lowest drag (B = 0, refer to Figure 7
and flight-test § 5.2).

3.1.6. In § 2.11 above, an on-line Engine-out Trainer was introduced, that should
be used to visualize the effects that have influence on both Vmca and climb perfor-
mance, see ref. 15.
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3.1.7.  Small multi-engine airplanes with a stall speed lower than 61 knots at maxi-
mum takeoff weight are not required to demonstrate a minimum rate of climb while
the critical engine is inoperative at an altitude of 5,000 ft. Refer to the climb perfor-
mance data in the AFM to ensure a positive OEI climb performance for the expected
takeoff weight in anticipation of an engine failure during takeoff. The application of
a small bank angle immediately after engine failure while maintaining straight flight
might just provide some climb performance.

3.1.8. Takeoff performance is usually well documented in the AFM of the airplane.
A few performance-affecting issues will also be discussed in paragraphs on control-
lability in the remainder of this report.

3.2 Performance (Sideslip) during OEI climb, cruise

3.2.1.  Figure 17 below illustrates the sideslip versus airspeed for four conditions
(combinations of weight and bank angle) in which equilibrium of forces and moments
is achieved (the airplane is in trim). The subject airplane is the same as used before;
the source of the data and analyses are ref.'s 12 and 13.
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Figure 17. Sideslip versus airspeed at given bank angle and

weight, SL, MCT, 4-engine turbojet, #1 inoperative.
3.2.2.  When the wings are kept level (bank angle ¢ = 0), side force W-sin ¢ is zero
and only sideslip B is providing the side force required to balance the rudder side force
(Ys) that is counteracting the asymmetrical thrust yawing moment N+ (refer to § 2.7
above). As shown in Figure 17, at a speed of 225 KCAS still a sideslip of a few de-
grees result depending on weight and bank angle. The lower the speed, the larger the
sideslip angle will be (effect of V2 in the aerodynamic force/lift equation).
The effect of bank angle is also shown. For a heavy airplane (at MTOW) a bank angle
of 5° away from the failed engine results in a large opposite sideslip. In order to reduce
the sideslip, a favorable bank angle of only 2.6° rather than 5° is required for sideslip
to be near zero.

3.2.3.  The sideslip B — hence the drag — at climb and cruise speeds while maximum
continuous thrust (MCT) is set is only minimal if a bank angle is maintained of 4° at
low all-up weight or a bank angle of 2.6° at high weight, as the data shows. At other
weight and bank angles, including wings level, the sideslip angle is larger, as is the
drag; precious energy is wasted.

3.2.4. InFigure 18 below, rudder and aileron deflections are presented for the same
datapoints as in Figure 17, also for trimmed (equilibrium) flight.

In the rudder deflection plot on the left side the curved line for ¢ = 0 intersects with
the maximum rudder angle of 30° (= right rudder pedal), which equals wings-level
Vmca (120 kt), but due to the pedal pressure limit of 180 Ib, the actual wings-level
Vmca is a little higher, 125 kt. Below this speed, the wings-level equilibrium cannot
be maintained, control will be lost.
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Figure 18. Rudder and aileron during trimmed OEI flight, SL, MCT, 4-engine turbojet, #1 inoperative.

3.2.5. In Figure 18 right, the aileron deflection is presented. Maximum available
aileron on this airplane is 20°, while the maximum required aileron for the given
weights and bank angles is < 18°, hence the aileron deflection does not restrict airplane
control at low speed.

3.2.6. Although the figures are made using data of a Boeing 707/DC-8 class air-
plane, because the author did not have lateral-directional stability derivatives of other
types, similar figures apply to all multi-engine airplanes. Most critical is the perfor-
mance of small multi-engine airplanes. If a pilot, after engine failure, does not main-
tain a small bank angle into the good engine and rudder to maintain straight flight,
performance is lost. If a small bank angle is being maintained, it could be that just a
small rate of climb remains, in which case it may take up to 30 min to reach a safe
altitude, where the speed can be increased in level flight to make safe turns.

As explained in § 2.10 above, sideslip p increases during OEI turns and control might
be lost if the airspeed is low. The EMB-120ER accident discussed in § 8.5 below
happened because the pilots did not maintain straight flight at too low a speed. It will
save lives to reduce the drag by banking a few degrees while maintaining straight
flight and take time to climb and only then turn. The probability that the other engine
will fail too is very small (unless onboard fuel is exhausted).

Many airplanes that suffered from an engine failure during climb or cruise didn't make
it to the shore or to an airport. A small bank angle — less drag, smaller rate of descent —
provides for increased OEI range and might save lives.

3.2.7.  Dr. Jan Roskam (KU) wrote in one of his college books: "Performance and
control are tied together by bank angle". In 8 2.4.8 above the large effect of bank
angle on airplane control was already mentioned, in this paragraph the favorable effect
of bank angle on the performance was shown. The effect of bank angle and other
variables on Vuca will be discussed further in § 4 below.

3.3. Drift down and descent OEI

3.3.1.  When an engine fails enroute, during cruising, the remaining engine power
might not be adequate to maintain the altitude; the airplane is drifting down to an
altitude where the thrust required equals the remaining thrust available, or the OEI
ceiling of the airplane. Flight manuals usually provide recommended OEI airspeeds
during the drift down and subsequent flight. Refer to Figure 16 above for a sample
polar diagram. Although there are manufacturers who recommend a small bank angle
for maximum performance, most of them do not. In order to achieve maximum range
while OElI, the airplane should be trimmed for maintaining a small bank angle to re-
duce the sideslip, hence drag and maximize the OEI range, if required, as is illustrated
in Figure 17 above, at the proper speed for maximum range.

4. VARIABLE FACTORS THAT INFLUENCE Vwca

4.1. Vwmca is borne at the drawing board of the airplane design engineer and was
already briefly discussed in § 2.4 above. As mentioned before, many variable factors
have influence on the magnitude of the minimum control speed in the air, or airborne
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(Vmca). Already discussed were the influences of thrust, bank angle (through side
force W-sin ¢) and rudder deflection, all of which are under pilot control. Any other
factor that influences the thrust or drag asymmetry about the yaw and/ or roll axes and
that requires a change of rudder or aileron deflection to compensate for will have ef-
fect on the magnitude of the minimum control speed and will change the standardized,
the AFM-published value of Vmca to some actual value, in this report also called the
actual Vwmca. If, for instance, the asymmetrical thrust is not maximal, as during a re-
duced thrust takeoff, the actual Vmca is lower than the standardized Vmca that was
determined using maximum asymmetrical thrust.

4.2. In the paragraphs below, most of the variable factors that have influence on
Vmca and that might be of interest to pilots and accident investigators will be dis-
cussed. As was mentioned before, the worst-case values of these variable factors were
used during designing the vertical tail and will also be used during experimental flight-
testing to verify/ determine Vuca in-flight; these values will also be presented. Since
Vmca is one of the factors to calculate the takeoff speed of Part 23 and Vg and V; of
Part 23 Commuter and Part 25 airplanes, this paragraph is applicable to all multi-
engine airplanes.

4.3. Effect of bank angle and weight on Vmca

4.3.1. Some effects of banking were discussed in § 2.10 above on turning perfor-
mance while one engine is inoperative.

The pilot controls the bank angle, as long as roll control power is adequate. Therefore,
it is very important for pilots and investigators to understand the effect of bank angle
on Vmca. As was already explained in § 2.8 above, a small bank angle away from the
inoperative engine decreases the actual air minimum control speed Vmca. In this par-
agraph, the effect of a change of bank angle into and away from the inoperative engine
and of the weight on Vmca will be discussed in greater detail.
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4.3.2. The effect of bank angle and weight on Vuca can be illustrated in different
graphs than were presented above. Figure 19 and Figure 20 show these effects
(through side force W-sin ¢) for a sample 4-engine straight wing propeller airplane
and a swept wing turbojet airplane, both with one outboard engine (#1) inoperative
during level, 1 g flight and with the remaining engines producing maximum available
takeoff thrust. The data basis is the analysis of the stability derivatives of these sample
airplanes while the thrust is asymmetrical. Actual airplane data could not be used,
because manufacturers are very hesitant in allowing the use of their proprietary air-
plane data. Therefore, these graphs had to be calculated (ref. 13) as is normally per-
formed prior to conducting Vmca flight-tests, see ref. 12. Lockheed published a similar
graph as in Figure 19 in the Performance Manual (SMP 777 page 3-18) of the C-130
Hercules airplane. The linear decrease/ increase of Vmca with weight at constant bank
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angle is the effect of the vertical tail and rudder limit; the rudder cannot provide high
enough side force to counteract side force W-sin ¢ while banking.

4.3.3.  Asshown in Figure 19, the actual Vuca for this sample straight wing turbo-
prop airplane would decrease with increasing weight while maintaining the 5° bank
angle away from the failed engine (effect of Weight (W) in side force W-sin ¢). This
bank angle was chosen because the sideslip angle then is smallest, the drag lowest as
was discussed in § 2.8, see also Figure 7.

4.3.4.  Low weightis used during sizing the vertical tail and to determine and meas-
ure Vmca during flight-testing because this results in the highest, the most unsafe or
worst-case Vmca for the favorable bank angle (between 3° and 5°) away from the
inoperative engine for all weights (Figure 19). If the highest gross weight would have
been used to determine Vmca, then Viuca would be lower for that weight, but the actual
Vwmca for any lower weight will be higher. Pilots would then have to use weight as
entry variable in graphs or tables to determine the actual Vmca for takeoff or go-
around; this would require too much data, be too complex and prone to failures. Low
weight is the worst-case weight for determining Vmca and is therefore used during
flight-testing and for publishing Vmca in AFMs. Remember that the design engineer
used the lowest weight possible as well as a small bank angle away from the inopera-
tive engine for sizing the vertical tail (§ 2.4).

4.3.5. Figure 20 shows analyzed Vmca data of a sample swept wing airplane. A
positive bank angle is a bank angle away from the inoperative engine, in this case
away from engine #1. As Figure 20 shows, the Vuca for bank angles of 4° and 5°
away from the inoperative engine of this 4-engine swept wing airplane is not a straight
line. Vmca for 4° bank increases when the weight is higher than 220,000 Ib and Vmca
for 5° increases and when higher than 180,000 Ib, which is caused by the increase of
sideslip angle B and hence, loss of control power of the downwind ailerons of the
swept wings at lower speed, refer to Figure 7 on page 14. This effect is also visible at
near maximum weight in Figure 19. The Vmca's on the left edge of Figure 20 (160,000
Ib/ low weight) are the Vmca's that form the left side of the V-shape in Figure 7.

4.3.6. The manufacturer of this swept wing airplane could opt for a bank angle of
4° away from the inoperative engine for sizing the vertical tail (§ 2.4) and hence, for
determining Vmca during flight-testing, because at that bank angle the sideslip angle
B is near zero (as shown in Figure 7) and hence, the drag is minimal. The Vuca of this
airplane that will be published in the AFM as standardized Vmca (after verification
during flight-testing) would then be 85 knots calibrated airspeed, about the same as
Vs at low weight. The standardized Vmca will then be at or below Vs for all weights,
and be no factor for control; the airplane is said to be controllable down to the stall,
but only as long as the bank angle is 4° to 5° away from the inoperative engine. Flight-
testing will have to confirm this. As Figure 20 clearly shows, a bank angle smaller
than 4° or a bank angle into the inoperative engine increases the actual Vuca above
Vs for all weights; then the airplane is definitely not controllable down to the stall
anymore.

4.3.7. If the wings are kept level (¢ = 0), the analysis (Figure 20) shows that actual
Vwmca for this sample airplane, in this configuration, at all gross weights (W-sin ¢ = 0)
will have become 119 kt, 34 kt higher than Vmca with 4° bank away from the inoper-
ative engine and also 11 kt higher than the stall speed Vs at high weight. At or below
an airspeed of 119 kt, straight flight cannot be maintained following the failure of an
outboard engine when the wings are kept level and the opposite engine is at maximum
available takeoff thrust setting, and also provided the other factors that have influence
on Vmca are at their worst-case values. In addition, sideslip angle B increases (Fig-
ure 7) and therewith the drag.

4.3.8. If the bank angle is only 5 degrees into the failed or inoperative engine, the
actual Vmca (for straight equilibrium flight) will be even higher: more than approxi-
mately 80 kt above the AFM-published standardized Vmca or above Vs for this sample
airplane at low weight. Vimca now increases with the weight (effect of opposite ¢ in
W-sin ¢). The graph for 10° of bank into the failed engine is presented in Figure 20
as well and speaks for itself. The increase of actual Vmca on straight wing airplanes
will be smaller, but still a factor to consider (Figure 19). Straight wings obviously
result in less adverse aileron effect than swept wing airplanes at higher sideslip angles.
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Please remember that this is a pure theoretical analysis; however, any bank angle away
from the favorable bank angle, which in this case is 4° away from the inoperative
engine, will definitely increase the sideslip, and there with the drag, as well as actual
Vmca (sideslip graph in Figure 7).

4.3.9. Turns. Both Figure 19 and Figure 20 show the powerful adverse effect of
side force W-sin ¢ if the bank angle ¢ is into the dead engine (¢ = negative), during a
turn at low speed and high thrust. Of course, Vmca is the minimum speed for main-
taining straight flight only, which an intentional turn is not, but the control power of
rudder and ailerons might be insufficient to be able to return to the favorable bank
angle once the airplane is allowed to or cannot be prevented to bank away from the
favorable bank angle (3°to 5° into the good engine). The maneuvering capability,
while the airspeed is Vimca and when either 8, or 8, is (near) maximum, is not subject
of flight-testing, and may therefore not be counted on. See also § 2.10 above on turns
while an engine is inoperative. Handling qualities testing including during turns is
conducted, but at an initial airspeed of Vmca + 30 kt for a small twin.

Figure 20 will be used again in § 6.5, while discussing the takeoff safety speed V..

4.3.10. Figure 21 below shows the effect of bank angle and weight for the sample
airplane, at both low and high weight, on the actual Vmca and the resulting sideslip
angle B and the required aileron and rudder control inputs. The low-weight data was
also used in Figure 7. The effect of weight (W) in side force W-sin ¢ can be observed
in this figure. At higher weights, the bank angle can be smaller for the same side force
W-sin ¢. Vs for both high and low weight is added to illustrate the bank angles for
which this sample airplane might be controllable down to the stall (to be confirmed
by flight-testing).
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Figure 21. Effect of bank angle and low and high weight on Viyca 0n a
4-engine swept wing airplane.

4.3.11. Summary. The Vmca that is published in AFMs is a constant, standardized
Vwmca that is always determined using the lowest possible gross weight and a fixed
(favorable) bank angle between 3° and 5° away from the inoperative engine (for which
sideslip B is zero), that provides a safe Vmca Whatever the airplane gross weight is.
This bank angle results in minimum sideslip, hence minimum drag and maximum
climb performance, and is used to size the vertical tail. This in fact means that the
AFM-published, standardized Vmca is only valid and safe on the condition that the
bank angle is exactly the favorable bank angle that was used by the manufacturer for
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sizing the vertical tail and is away from the inoperative engine.

The actual Vmca, the Viuca that the pilot experiences in-flight, varies considerably
with bank angle; actual Vwmca is definitely not a single fixed airspeed equal to the
published, standardized Vwmca in the limitations section of the AFM. The pilot can
control actual Vmca with bank angle and asymmetrical thrust, as long as the lateral
and/ or directional controls (3,, 8r) are not maximal.

4.3.12. Actual Vuca increases many knots (while at high asymmetrical power set-
tings) if the wings are kept level, instead of banking the favorable bank angle away
from the inoperative engine. The increase will be smaller on straight wing airplanes
(approximately 10 knots).

4.3.13. Actual Vmca increases even more while maneuvering into the inoperative
engine' side. If the actual Vmca increases above the (calibrated) airspeed due to a
change of bank angle, the heading cannot be maintained using full rudder; control will
be lost right away.

4.3.14. The Vumca that is published in AFMs is a minimum speed for maintaining a
straight flight equilibrium following the failure of an engine, and is definitely not a
minimum speed for maneuvering the airplane.

4.3.15. Although the AFM of the sample airplane of Figure 20 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 size the vertical tail and to determine Vmca: between 3°
and 5° away from the inoperative engine, as opted by the manufacturer. Maintaining
the small favorable bank angle away from the inoperative engine(s) however, is a live-
saving condition to ensure the lowest, safest possible actual Vmca, Whether the inop-
erative engine is the critical or a non-critical engine.

4.3.16. These facts about the effect of bank angle and weight on Vmca are neither
elaborated in most Flight, Training and Operating Manuals, including engine emer-
gency procedures, nor in textbooks on asymmetrical flight and in FAR's and CS's.
This might very well be the real cause of many engine failure related accidents.

4.4, Two engines inoperative

4.4.1. On 4 or more engine airplanes, two engines might occasionally become in-
operative simultaneously, for instance after bird ingestion in both engines on one side.
Therefore, for 4 or more engine airplanes, both Vucai and Vucaz (Vmca with one
engine (n-1) and two engines (n-2) on the same wing inoperative, respectively) are
determined and presented in the AFMs of these airplanes. FAR/ CS 25 do not require
Vmcaz to be determined anymore, but use Vmcr2 and Vmcr: (Vmea for approach and
landing configuration) only. Contrary to military requirements, civil FAR/ CS do ob-
viously not anticipate a dual engine failure in takeoff, cruise, or approach configura-
tions. Whether determined or not, a Vmcaz will definitely take effect on any 4 or more-
engine airplane after engine failure. Therefore, pilots and accident investigators
should still know about it. The FAR/ CS requirements for Vmcr2 do not make any
difference for the explanation in this paragraph.

4.4.2.  Vwmcal, also published as Vuca, is the minimum control speed in anticipation
of the failure of any one engine of a 4- or more engine airplane. When an engine is
indeed inoperative, the small favorable bank angle away from the inoperative engine
is required for maintaining control at airspeeds as low as Vmcas, i.e. during straight
flight. For safety reasons however, Vuca2 Will have become the minimum control
speed for maintaining airplane control after any one of the engines is inoperative, in
anticipation of the failure of a second engine. When two engines on the same wing
are indeed inoperative, the small favorable angle away from the inoperative engines
is required for maintaining control at airspeeds as low as Vmca2 While the power set-
ting is maximal. Vmcaz is much higher than Viuca: because it is determined after shut-
ting down the critical engine and the engine next to it on the same wing. The value of
Vwmcaz is determined like Vmcagy using a worst-case airplane configuration for control.
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4.4.3. In Figure 22 below, the effect of bank angle and weight of two inoperative
engines on the same wing is presented for the same 4-engine turbojet airplane as used
in Figure 20 on page 25 for the one-engine inoperative case. As shown in the figure,
Vwmcaz2 from this analysis is expected to be 117 kt if determined with a 5° bank angle
away from the inoperative engine, as well as using other standardized test conditions,
including the lowest possible weight (160,000 Ib in this example). If the gross weight
is above 225,000 Ib, the actual Vmcaz is expected to be below the stall speed. Then
the airplane is controllable down to the stall, but only if bank angle ¢ is 5° away from
the failed engines. A bank angle ¢ of 3°, less than 3° or to the other side increases
actual Vmcaz above the stall speed Vs for these weights.
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Figure 22. Effect of Bank Angle and Gross Weight on Vyca, — Two En-
gines Inoperative, max. takeoff thrust.

4.4.4. The Vmcaz used in this example is obtained from analysis that is normally
performed prior to conducting flight-testing to determine Vmcaz, in order to predict
Vwmcaz as well as any control limitation that might be encountered during testing, see
ref. 13 and § 5.3 below. Actual flight-testing is always required to determine the real
Vmcaz that is to be published in AFMs as operational limit.

4.4.5. Figure 23 below presents analyzed data for two inoperative engines, just like
Figure 7 on page 14 for one inoperative engine. As can be observed in Figure 23,
banking away from the favorable 5° bank angle to only 5° into the other side increases
actual Vmcaz in the analyzed configuration to a theoretical 190 knots at low gross
weight and 213 knots at high gross weight, which is 73 kt respectively 96 kt above the
standardized Vmca2 that is published in the AFM. Compare this graph also to the one
engine inoperative (n-1) graph in Figure 7.

These graphs show again that there definitely is a reason for maintaining a small bank
angle away from the inoperative engine when the asymmetrical thrust is high.

4.4.6. Procedures for go-around if one engine is already inoperative require the air-
speed to be increased first to at least Vmca2 by accelerating down the glide slope to
exchange available altitude for airspeed and by using symmetrical thrust only. Asym-
metrical thrust may be added, provided directional control can be maintained. Any
increase of asymmetrical thrust increases the requirement for rudder deflection, which
increases the actual Vmca, and should be accompanied by gradually increasing the
bank angle to 5° (or less as opted by the manufacturer) away from the inoperative
engine.
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4.4.7. Pilots should be trained to use Vmca2 for any two inoperative engines, in-
board and/ or outboard, on the same wing or on both wings. Pilots and accident inves-
tigators will understand that the actual Vmca: after failure of an inboard engine (#2 or
#3 on a 4-engine airplane) will most probably be no factor at all; the remaining yawing
moment of the opposite inboard engine will be much smaller than after failure of an
outboard engine, so is the rudder deflection to counteract this moment. The actual
Vmcaq in this case is anticipated to be below Vs. The same will be the case after
failure of two opposite engines (#1 and #4, or #2 and #3) on a 4-engine airplane. Then
there is no adverse thrust yawing moment for which a rudder deflection is required to
counteract; the actual Vmcaz will be very low.

If, for instance, engine #3 failed in-flight and a go-around becomes necessary during
which engines #1 and #2 fail as well, the actual minimum control speed will be Vmcai,
because only engine #4 provides thrust and a yawing moment. The minimum control
speed to be observed by the pilots for the go-around would however have to be Vmcaz,
in anticipation of another engine failure. If the airspeed during the approach decreases
below Vmcaz and it will not be possible to increase the airspeed before going around,
the airplane will in fact be committed to land. This order of engine failure actually
happened during a C-130 go-around accident when #3 was shut down before or dur-
ing the approach and #1 and #2 failed due to bird ingestion just after initiating a go-
around at the threshold speed (108 kt). Because the airspeed (between 97 and 108 kt)
was even below Viuca: (117 kt with wings level), control was lost; the airplane crashed
12 seconds later from threshold altitude on the terrain next to the runway. For a safe
go-around, the airspeed should not have been lower than Vucaz (134 kt); this airplane
was committed to land at the instant the airspeed decreased below Vmcaz2 because one
engine (#3) was already inoperative.

Engine #2 on a tri-jet has no influence on the thrust yawing moments; hence, its failure
does not affect directional control, but only the pitching moments and performance.

4.5, Critical engine

45.1. Athigh-speed flight, the angle of attack o (AOA) of the wings of an airplane
is small. The relative wind not only runs into the lift-producing wings, but also into
the propeller blades. Figure 24 shows the up and down-going propeller blades of a
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ative.

two-bladed propeller on the same engine in a side view, both at the instant they are
horizontal. The resultant blade velocity of each of the blades (dotted vector) is the
resultant of the rotational blade velocity (Prop RPM) and the forward airspeed. In this
case, the AOA's of both blades are nearly equal, so is the thrust developed by each of
the blades.

4.5.2. If the airspeed of the airplane decreases or is low (during takeoff or go-
around), the AOA of the wings of the airplane has to increase to maintain the required
lift for level flight or to climb. Not only the AOA of the wings increases, but also the
AOA of the down-going propeller blade, increasing the thrust of this blade, as Fig-
ure 25 shows; the AOA of the opposite up-going blade decreases, decreasing the
thrust generated by that blade. In addition, the resultant velocity of the down-going
blade increases, increasing its thrust even more, because the forward airspeed vector
is still in the direction of the free airstream; the resultant velocity of the up-going blade
decreases (think of a helicopter rotor; the airspeeds of the forward and aft moving
blades). Therefore, at low speed when the AOA is higher, the thrust or propulsion
vector (P-vector — has a magnitude and a direction) of the whole propeller disc shifts
in the direction of the down-going or descending propeller blade. This asymmetrical
loading of the propeller disc is often also called P-factor, see Figure 26.

4.5.3. If both propellers of a twin-engine airplane rotate clockwise, an increasing
AOA shifts the thrust vectors of both propellers to the right. The moment arm of the
propeller thrust on the left wing (thrust #1) decreases and the moment arm of the pro-
peller thrust on the right wing (thrust #2) increases. Then the yawing moment of en-
gine #2 (thrust #2 x arm #2) is larger than the yawing moment of engine #1 (thrust #1
x arm #1). This effect is also noticeable during normal all-engines-operative opera-
tions at low speed (i.e. at high AOA), when a rudder input will be required to coun-
teract the difference in thrust yawing moments for maintaining the heading.

45.4. If engine #1 fails, the total remaining thrust yawing moment (in this case
generated by engine #2) is larger than the remaining thrust yawing moment if engine
#2 would fail. A larger asymmetrical thrust moment requires larger rudder deflection
to counteract or — if the rudder is at its limit as required for determining Vmca — a
higher airspeed. Consequently, Vmca after failure of engine #1 will be higher than
Vwmca after failure of engine #2. The engine that, after failure, results in the highest
Vmca is called the critical engine. This will be confirmed during flight-testing
(8 5.3.7). In this example the left engine (#1) is the critical engine, because both pro-
pellers rotate clockwise.

4.5.5. If the airplane is equipped with counter-rotating propellers, such as the PA-
34 Seneca, or with turbofans, there is no difference between the thrust yawing mo-
ments with increasing AOA while an engine on the left or right wing is inoperative,
provided the gyroscopic effects of rotating engines and propellers are negligible. The
opposite engines are equally critical; the actual Vmca is the same after failure of #1 or
#2. If a rudder boosting system is powered by only one of the engines, that engine
might be the critical engine though. Rudder boosting is discussed in § 4.12 below.
Slipstream effects might have influence as well, refer to § 4.9.

4.5.6. On four or more engine airplanes, the thrust yawing moments and hence the
actual Vuca's differ for an inboard and an outboard engine. The outboard engines are
most critical because of the longer moment arm. If equipped with four propellers that
turn clockwise, engine #1 is the most critical engine. The minimum control speed
Vmca2 for two inoperative engines on the same wing (n-2) is discussed in § 4.4 above.

45.7.  Figure 27 shows a top view of the Airbus A400M. Unique to the propulsion
system of this airplane are the counter-rotating propellers on both wings; both propel-
lers on each wing rotate in opposite direction to each other, down in-between. If both
engines on the same wing are operative, the shift of the thrust vector with increasing
AOA is always towards the other engine on the same wing; the effect is that the re-
sultant thrust/ propulsion vector of both engines on the same wing does not shift as
the angle of attack of the airplane increases. There is no overall change of the P-vector;
there will be no difference in magnitude of remaining thrust yawing moments N after
failure of either engine #1 or #4 with increasing AOA, only in direction left or right.
This means that Vuca after failure of either one of the outboard engines will be the
same, unless (boosting) systems, that may be required for controlling the airplane, are
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installed on only one of the outboard engines. This airplane does therefore not have a
left- or right-hand critical engine; both outboard engines are equally critical.

4.5.8. Ifanoutboard engine fails, for instance #1 as shown in Figure 27, the moment
arm of the vector of the remaining thrust on that wing reduces from in between the
engines to a bit outside of the remaining inboard engine. The vector itself is 50% of
the opposite thrust vector. The resulting Nt is much smaller than would be the case
for conventional propeller rotation. The maximum Ys; and Nsr to be generated by the
vertical tail with rudder can be smaller and consequently, the size of vertical tail of
this airplane can be smaller. There is however one very important condition: the feath-
ering system of the big 8-bladed, 17.5 ft (5.33 m) diameter and therefore high drag
propellers must be automatic, very rapid and failure free to ensure the lowest possible
propeller drag following a propulsion system malfunction. If not, a failure of the feath-
ering system of an outboard engine will increase propeller drag, which in turn enlarges
Nt considerably therewith increasing the actual Vmca. The control power generated
by the small vertical tail and rudder alone is low by the small design. Only rapid re-
duction of thrust of the opposite engine, or (increased) airspeed can restore the re-
quired control power to maintain straight flight following the failure of a feathering
system. Designing and approving the feathering system for this airplane will be a real
challenge to the design engineers and the certification authorities.

On airplanes with very powerful engines, an asymmetrical thrust problem is also being
solved by applying automatic thrust asymmetry compensation, see also § 4.6 below,
but this has consequences for takeoff performance.

4.5.9. AFMs present the Vmca that is determined after failure of the (or a) critical
engine. This provides the highest, the worst case, Vmca after any engine failure that is
valid as long as the bank angle is the same as used for sizing the vertical tail and during
Vmca testing, and the thrust is maximal. The actual Vuca after failure of any other
engine is lower —which is safer. The adjective ‘critical’ is only of use to airplane design
engineers and test pilots to make sure they determine and use the highest Vuca after
failure of any of the engines. Airline pilots should not have to worry whether a failing
engine is critical or not; they should not even have to learn about the criticality of an
engine. There is only one engine emergency procedure in the checklist or QRH and
there is only one Vca published in the limitations section of the AFM, which is a
safe minimum control speed before and after failure of either engine. Pilots might only
observe a small difference in yaw rate between failure of the critical and non-critical
engine, if at all noticeable. See also § 7.3.4 below.

4.6. Engine thrust, altitude and temperature

4.6.1. The thrust setting used on the remaining engine(s) for determining Vmca is
the maximum thrust that is guaranteed by the manufacturer in the specification of the
engines. The lower the asymmetrical thrust setting while an engine is inoperative, the
lower the rudder requirement will be and/ or the lower the airspeed can be to provide
the required rudder control power (= V?) for straight flight; actual Vivca is lower. As
discussed before, if the aerodynamic control power is insufficient to restore control or
to maintain straight flight after engine failure, the throttle setting of the engine oppo-
site of the failed or inoperative engine must be decreased a little but only temporarily,
and also only as much as required to restore or maintain control. This happened prior
to the accident analyzed in § 8.4.8.

4.6.2. If during the lifetime of the airframe, engines are replaced by more powerful
versions, the vertical tail might have to be increased in size, or Vimca might have to be
increased (or an increment applied). Derating new, more powerful engines is also an
option for not having to modify the tail or change Vmca, refer to § 4.7 below. The
accident analyzed in 8 8.5 might have happened because Vmca Was not appropriately
increased after installing more powerful engines, see § 8.5.8.

4.6.3. On airplanes that are retrofitted with more powerful engines without increas-
ing the size of the vertical tail, a thrust asymmetry control system is required to de-
crease the thrust of the engine opposite of the failing engine automatically as required
to maintain control. This keeps the actual minimum control speed to a safe lower
level. The airplane manufacturer must have considered a system like this, if fitted, to
be important if not indispensable for restoring and maintaining control after engine
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failure. A consequence is that this system will also decrease the acceleration during
the takeoff run and, if used in flight, the remaining climb performance upon activation.

4.6.4. The thrust of most engines changes with air density (altitude) and tempera-
ture; increasing the altitude and/ or temperature will decrease the thrust. After engine
failure at high altitude, the asymmetrical thrust yawing moment will be smaller. The
actual Vmca will be lower (Figure 28). A large variation of engine thrust with density
and temperature results in a large variation of actual Vuca's, which is the reason that
(turboprop) airplane manufacturers provide several charts with (real) Viuca data for
different altitudes and temperatures in the AFM to better facilitate hot and high oper-
ations. The Vuca and the therewith derived Vg and V; that are used for takeoff plan-
ning will be more accurate for the actual circumstances. The Vuca obtained this way
is the real Vuca for the given altitude and temperature. Any lower altitude or lower
temperature will increase this Vmca to a higher actual value (Figure 28).

4.6.5. During an approach with an inoperative engine, the thrust setting is low and
hence the actual Vmca is low as well. If a go-around becomes necessary, adding asym-
metrical thrust increases actual Vmca simultaneously with the thrust. To avoid con-
trollability problems, the acceleration to the go-around speed should be performed
while still flying down the glide path before initiating the climb, using symmetrical
thrust, while adding as much asymmetrical thrust as possible to maintain straight
flight. While adding asymmetrical thrust, simultaneous rudder deflection as well as
gradual banking to the specified favorable bank angle (between 3° and 5°) both away
from the inoperative engine is required to keep actual Vmca as low as possible and
prevent the loss of control.

4.6.6. If during engine-out operations flight idle is set on the simulated failed en-
gine, the spillage drag (turbofans) or propeller drag (the propeller will not feather
while idling) increases the asymmetrical thrust yawing moment N+. Either the rudder
deflection must increase or, if already maximum, the airspeed must be increased. The
actual Vmca might become higher than the AFM-published Vmca, if the other varia-
bles that have influence on Vmca happen to be at their worst-case values.

For training purposes, airplane manufacturers provide a (number of) thrust setting(s)
to be set on the simulated inoperative engine to match the drag of a feathered propeller
or the spillage drag on a turbofan. These settings correspond to zero drag or zero
thrust.

4.6.7. Asymmetrical engine thrust has the greatest effect on Vmca. Actual Viuca is
most critical (highest) when the thrust setting is high, but will be no factor for airplane
control if the thrust is low. Then the asymmetrical thrust level is lower, as is the re-
quired rudder deflection to counteract N+; actual Vmca is lower.

4.7. Thrust derating and flexible or reduced thrust

4.7.1. Derated thrust. In the case of thrust derating, the surplus thrust that is avail-
able in the engine design is not made available at hand by setting the thrust or power
levers (throttles) in the cockpit fully forward. The thrust is limited by engineers by
changing settings on the engine itself at the time of engine installation. This is com-
mon practice for installing similar engine types on different types and sizes of air-
planes. Thrust derating might be required to limit the maximum asymmetrical thrust
yawing moment for the available tail size and therewith keep the Vmca below 1.2 or
1.13 Vs (8 2.4.4). The Vmca published in the AFM must be based on the maximum
thrust that the pilot can set by moving the throttles or power levers fully forward, and
not on a thrust level that is lower than full throttle and that is sometimes inappropri-
ately called 'derated’, but in fact is 'reduced' thrust. The derived takeoff speeds Vs and
V> will also be based on the derated thrust level (8§ 6.4, § 6.5).

4.7.2.  Onsome modern types of airplanes though, thrust derating is settable to sev-
eral levels during preflight from the cockpit for the next takeoff. In that case, the AFM
must present a set of performance data for every possible derated maximum thrust
setting, each including a specific Vmca as operating limitation, because Vuca is based
on the maximum thrust that can be set with the thrust levers in the cockpit. The Vmca
after this kind of thrust derating is lower because the maximum thrust yawing moment
N is lower following engine failure and after moving the throttles fully forward (to
the derated maximum). If, however, the thrust is uprated, Vmca will increase.
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4.7.3. Flexible or reduced thrust is a thrust level less than the maximum settable
thrust with the throttles; it is being used to preserve engine life. An assumed higher
outside air temperature and/ or reduced throttle setting are used to achieve the lowest
possible thrust level for a takeoff on the available runway length. In this case, the same
Vwmca data apply as for the available highest takeoff thrust setting, because maximum
takeoff thrust is still settable anytime by moving the throttles forward. As long as the
thrust setting during flexible or reduced takeoff is lower, the actual Vmca is lower. If
however, following the failure of an engine, the throttles of the operative engines are
set from the flex setting to maximum available thrust to achieve maximum accelera-
tion and climb performance, then the actual Vmca increases again to the value pre-
sented in the AFM, provided the bank angle is 5°, or the number of degrees specified
by the manufacturer, away from the failed engine (8 4.3). The text and caution in the
AFM of the EMB-120 accident, as discussed in § 8.5.7 and § 8.5.8 below, suggest an
illegal and inappropriately documented increase of thrust/ change of propellers or en-
gines, after which Vuca in the AFM was not changed. Accident investigators should
verify in the Type Certificate whether the propulsion system components are indeed
approved.

4.8. Partial control deflection

4.8.1. Vmca of a multi-engine airplane is determined when the rudder and/ or ailer-
ons are either fully deflected or when reaching a predetermined rudder or aileron con-
trol force limit, whichever occurs first during the test (explained in § 5). If the rudder
is not fully deflected (while the asymmetrical thrust is maximum), then the actual
airspeed for the vertical fin with rudder to generate a side force high enough to coun-
teract the — still same — high asymmetrical thrust will have to be higher than the air-
speed that was measured during the flight-test to determine the FAR and CS based
Vwmca. The actual airspeed for maintaining control with partial rudder or aileron is
therefore higher than the AFM published Vmca that was determined under FAR and
CS 23.149 and 25.149, ref.'s 6, 7. See also to 8 2.9.2. The accident discussed in § 8.4
was caused because of a too small rudder control deflection and hence, because actual
Vwmca increased above the indicated airspeed.

4.8.2.  On military transport airplanes, only a maximum of ¥ (75%) of the available
roll control deflection may be used to determine Vmca, to leave some control margin
for transient responses, and to cope with gusts; the rudder control force is allowed to
be higher, though (8§ 2.7.4). This in fact means that the Viuca's of airplane types that
are used both as civilian and as military transports might differ from each other.

4.8.3.  On some airplanes, one or more engine failures reduce the hydraulic power
for operating the outboard and inboard ailerons and roll-assisting spoilers. This might
increase the actual Vuca as well.

4.9. Slipstream effects

49.1. Asymmetrical and spiraling slipstream effects might influence the recovery
after engine failure, as well as the magnitude of Vmca. The accelerated slipstream over
the wing of the failed engine is lost, reducing the lift. In addition, the slipstream of
operating engines might influence the air stream around the horizontal and vertical
tail (during side slipping immediately after engine failure). Some airplanes have vor-
tex inducers on the vertical tail to prevent an early 'fin' stall when the sideslip angle
increases during equilibrium flight with an inoperative engine, for instance with the
wings level (8 2.7) or while turning (8 2.10). Slipstream effects might have influence
on the magnitude of both static and dynamic Vmca (8 5 below) and, if the effects are
dominant, the slipstream might even determine which of the engines is critical or is
the next critical engine. During flight-testing Vmca, slipstream effects, if any, will
have influence on Vmca, for the bank angles and resulting sideslip tested. If a pilot
maintains the small favorable bank angle to reduce the sideslip to near zero, the slip-
stream does neither affect the directional control with the rudder, nor actual Vmca.
However, if during airline operations following an engine failure a bank angle is al-
lowed that results in an increased sideslip angle, the slipstream effects might increase
actual Vuca to a value higher than the published Vmca or to an early fin stall. This is
not flight-tested.
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4.10. Propellers

4.10.1. Following an engine failure, the airflow will start driving a not yet feathered
propeller (windmilling) causing the drag of the propeller to increase significantly.
Also, a propeller failure might prevent the propeller blades from feathering or decreas-
ing the blade angle to zero (to min. drag). The yawing moment generated by this ad-
ditional propeller drag increases the asymmetrical yawing moment of the opposite
operative engine, which — during takeoff or go-around — might be at maximum avail-
able takeoff thrust setting to attain the maximum available climb performance. The
lower the propeller drag, the smaller the asymmetrical yawing moment and the less
rudder deflection is required to maintain straight flight at any given airspeed. Most
propellers are equipped with an auto-feather system that automatically feathers the
propeller blades after engine failure (unless disabled or not armed). The Vmca of these
airplanes is determined with a feathered propeller. Small twin-engine airplanes might
not have an automatic feathering system; the propeller might continue to windmill
after engine failure, causing high propeller drag, until manually feathered. The Vmca
of these airplanes is determined with a not-feathered propeller, hence with higher drag,
and will therefore be high enough to be able to maintain control, provided again the
bank angle is 5°, or the number of degrees specified by the manufacturer during cer-
tification, away from the failed engine. Not feathering a propeller contributed to the
cause of the accident analyzed in § 8.4. The P-factor, i.e. the shift of the thrust vector
in a propeller blade, was discussed in § 4.5 above.

4.10.2. Some airplanes do not have an automatic full feathering system, but a nega-
tive torque sensing system (NTS), the purpose of which is to reduce propeller drag
and therewith an excessive yawing moment. When a negative torque is sensed, the
propeller is driving the engine. The propeller will not be fully feathered but continues
to rotate at high pitch, which makes a restart, if possible, easier. In case of engine
failure or when the engine still generates some torque, the NTS might not operate.
Therefore, on NTS equipped engines, the pilot should feather the propeller manually
to reduce its drag (and actual Vmca) to @ minimum.

4.10.3. Propellers will only auto-feather after engine failure if the feathering system
is enabled or armed and a few other conditions are met. Arming is normally set prior
to both takeoff and landing (in anticipation of an engine failure during go-around). If
feathering was used for determining Vwmca, the asymmetrical thrust yawing moment
N+ without feathering is (much) larger and hence a larger rudder deflection is required
for straight flight: the actual Vmca is higher. This has a consequence for training too;
a realistic Vimca cannot be demonstrated by just idling one of the engines, the thrust
setting for zero drag has to be set; see also § 4.6.6.

4.10.4. For determining Vwmca, the propeller has to be in the pitch setting that it as-
sumes by itself after engine failure without pilot intervention, which is either wind-
milling or feathered. Vmca data in AFMs are based on this condition although some
manufacturers report two Vmca's, one with and one without auto-feathered propeller
depending on the criticality of the auto-feather system of the airplane. The higher drag
of an idling propeller enlarges the asymmetrical thrust yawing moment Nr. Larger
rudder deflection is required for straight flight or a higher airspeed if the rudder is at
maximum deflection; hence, Vuca is higher.

4.10.5. When a propeller is replaced by a propeller with a different part number, for
instance a 3-blade is replaced by a 4-blade, the thrust that the propellers can provide
changes as well. Increased thrust results in a higher Vmca which should be included
in the AFM, for which Vuca needs to be re-established, or the vertical tail re-designed.

4.10.6. Torque and gyroscopic effects due to rotating engines and propellers are
mostly neglected in the Viuca analysis. These effects, as well as the rapidness of the
automatic feathering process, if any, play their role in determining the dynamic Vmca
during transient effects flight-testing (8§ 5.4). The effects will be included in the Vmca
that is determined during flight-testing.

4.10.7. Summary. In case the propeller of an inoperative engine is in a configuration
other than used during flight-testing Vmca, the actual Vmca might be much higher
than the published, standardized VVmca, Which is very unsafe if the thrust of the oper-
ative engine(s) is high, or is increased during a go-around. A suspected failed propel-
ler/engine should never be left idling as a 'standby source of thrust'; the engine should
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be shut down or set to provide zero thrust/ drag in order for the actual Vuca to be as
low as or lower than the published Vmca. If a propeller is not-feathered (because the
engine is kept idling) or if the feathering system fails (or is not armed), the drag and,
hence, actual Vimca is much higher than the published (and indicated) Vmca. Loss of
control will occur as soon as (asymmetrical) thrust is increased (during approach or
go-around) or is high.

4.10.8. Flight training with an inoperative propeller/engine should be performed us-
ing some thrust on the simulated dead engine to simulate zero drag/ thrust to be able
to demonstrate a more realistic Vimca. Training the appropriate response to a sudden
engine failure however, would require actually shutting down an engine in-flight,
which is not recommended (by the owners) — use simulators instead.

4.11.  Effect of center of gravity on Vmca

4.11.1. Longitudinal center of gravity. The yawing moment generated by the rudder
(Ns), is the product of the moment arm or distance from the center of gravity to the
aerodynamic force Y developed by the rudder. If the center of gravity is at its ap-
proved aft limit, the moment arm is shortest and the yawing moment generated by the
vertical tail and rudder deflection is smallest. If the center of gravity is more forward,
the moment arm to the rudder side force Y is longer and rudder deflection can be
smaller to counteract Nt (Figure 30). Then the airspeed could be further decreased
until rudder deflection is again maximum: actual VVmca with a forward center of grav-
ity is lower — is safer because the margin between Vmca and the indicated airspeed is
larger. Some airplanes allow longitudinal cg shift by transferring fuel from/ to a hori-
zontal stabilizer tank.

4.11.2. Lateral center of gravity. A lateral shift of the center of gravity into the in-
operative engine (Figure 30) increases the asymmetrical thrust yawing moment of the
live engine(s) and requires a higher counteracting moment and force: increased rudder
and aileron deflection are required or, if these are maximum already, the airspeed
needs to be higher: actual Vmca increases. Therefore, AFMs present a maximum al-
lowable wing-fuel imbalance or asymmetry (max. lateral center of gravity) to avoid
controllability problems after engine failure due to excessive lateral shift of the center
of gravity and to limit drag. Fuel could be transferred to the wing of the operative
engine to shift the lateral center of gravity away from the inoperative engine and there-
with reduce the thrust yawing moment and therewith the drag, and decrease the actual
Vmca.

4.11.3. Ifanairplane loses one or more engines (for instance due to shear or fuse pin
failure, Figure 31), the cg shifts laterally as well. The wing lift vector does not shift,
unless damage to the affected wing reduces the lift of that wing (a bit). The wing lift
vector now results in a rolling moment due to lift (L), that also must be counteracted
by the ailerons (Ls.). For a Boeing 747, a (fuel) imbalance condition or quantity less
than 900 kg (2,000 Ib) is approved for the ailerons to provide adequate control power
at takeoff and landing speeds, while each of its turbofan engines weighs approxi-
mately 4,000 kg (8,800 Ib), a lot more than the approved fuel imbalance. In addition,
fuel leaking from the affected wing shifts the cg even further into the good engine
side. As the ailerons will not be sized large enough to counteract a larger than — in this
case 900 kg (2,000 Ib) — weight imbalance, the minimum speed to be able to maintain
lateral control is and needs to be a lot higher. Roll assisting spoilers, if installed, might
also play a role.

In addition, the asymmetrical thrust yawing moment of the two remaining engines is
also increased, and is maximal if the thrust is increased to maximum.

To counteract the increased rolling and yawing moments, larger rudder and aileron
deflections are required or, if any of these are already maximal deflected, a higher
speed. The minimum speed at which control can be maintained, i.e. the actual Vmca
of the airplane, is increased to a value much higher than the published Vmca. If the
airspeed is lower than, or is decreased below this increased actual Vmca, and asym-
metrical power is maximal or increased to maintain altitude or glide path during the
approach, lateral control will be lost. The increased Vmca is not visible, but if either
rudder or aileron deflection is near maximal to maintain straight flight, the airspeed is
already very close to the actual Vmca and the airplane is on the brink of the loss of
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control. Then do not decrease the speed any further, and do not increase the thrust of
the operative engines.

4.11.4. Summary. Considering all possible centers of gravity for determining the
accompanying Vmca would be excessively complicated. Vwca is therefore determined
with the center of gravity at the maximum approved lateral position into the critical
engine and most aft, both representing the worst case, because this returns the highest
Vwmca due to center of gravity shift (at the proper bank angle). During normal opera-
tions, the actual Vmca will not increase above the published value due to any center
of gravity shift within the approved envelope. Airline pilots therefore do not have to
worry whether the center of gravity is forward or aft, left or right. The published Vmca
is valid for any center of gravity within the approved envelope, as long as the small
favorable bank angle is maintained away from the inoperative engine when the thrust
is maximal. The location of the center of gravity is not a variable factor in the Viuca
charts in AFMs; this would unnecessarily complicate looking-up the applicable Vmvca
during preflight or before landing.

4.11.5. As preparation for any landing, a go-around has to be anticipated. To increase
the safety of a go-around, part of the preparation for a landing with an already inop-
erative engine on a 4 or more-engine airplane could be to move the center of gravity
to a position that decreases actual Vmca, i.e. as much forward and away from the in-
operative engine as the center of gravity envelope allows. This could be done by trans-
ferring fuel away from the inoperative engine and forward, and/ or by moving passen-
gers, if at all possible and feasible.

4.12.  Yaw damper and rudder boosting

4.12.1. Yaw dampers are used in high-performance airplanes to reduce sideslip ex-
cursions due to outside influences such as turbulence, alleviate lateral-directional con-
trol problems, and to provide for automatic turn coordination (aileron to rudder inter-
connect). In addition, the rudder control forces might be too large and have to be re-
duced. For this purpose, airplanes might be equipped with an electric or hydraulic
rudder boosting system to increase the rudder deflection per pound (or Newton) of
pedal force, which might be crucial for maintaining control under asymmetrical thrust
conditions. Some boost systems might only be available at low airspeeds to avoid
damage to the vertical tail at higher airspeeds and might be automatically switched on
as flaps are selected down in stages of one or more different boost pressure levels. As
one of the engines fails, the boosting system kicks-in and deflects the rudder therewith
assisting the pilot. The moving pedals might be surprising, but should not be resisted.
Additional trimming via rudder pedals or manual trim knob might be required.

4.12.2. If a hydraulic pump that powers the boost system happens to be driven by
the inoperative engine, the boost pressure might be lower than required, or not be
available at all. If the airplane is equipped with only one hydraulic pump driven by
one of the engines, that engine might have to be defined as the critical engine (8§ 4.5).
If boosting fails, the actual Vmca will be higher than the published Vmca.

4.12.3. If the flap handle is not selected (above a certain setting), rudder boosting
might not be switched on and actual Vmca will be much higher than anticipated. The
boost system has a very powerful effect on the value of Vuca. If not switched on, a
Vmca increase of 30 knots is not exceptional. Refer to the AFM to determine whether
the flap handle position affects Vmca on the airplane of interest, and whether other
boost or damper switches might be disabling or interrupting.
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4.12.4. A rudder ratio changer/system on some (larger) airplanes reduces the rudder
deflection with increase in airspeed to avoid damage to the vertical tail. Figure 32
below shows the decrease of a Boeing 747-200. The decrease looks like a quadratic
function, meaning that the aerodynamic side force generated by the rudder (= pV?)
does not increase further at airspeeds above 160 KCAS. The influence of a rudder
ratio system is not subject to flight-testing and is not included in the analysis of actual
Vmca in § 2.4.8 above. Further analysis is required, if necessary.
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Figure 32. Effect Rudder Ratio System on rudder surface deflection
of a sample airplane.

4.13.  Landing gear, flaps, slats, and spoilers

4.13.1. The drag of the landing gear is symmetrical about the center of gravity, pro-
vided the pilot maintains straight flight with no sideslip. Then, the extended landing
gear might have no influence on Vmca. The total drag of course is higher, on some
airplanes just a little, on other airplane types more. If, however, the sideslip angle B is
not zero, the extended landing gear has some influence on the equilibrium of lateral
forces and moments. Because the moment arms of the main landing gears to the center
of gravity are small, the yawing moments due to gear drag will not be large; further-
more, the drag induced forces act behind the center of gravity (for nose gear airplanes).
It is dependent on the direction of the sideslip, whether these forces are in the same
direction or opposite of the rudder generated side force. During side slipping, the side
force of the nose gear on big airplanes has a much longer moment arm to the center
of gravity. If the pilot allows a sideslip to build up by keeping the wings level after
engine failure, the nose gear will generate a side force due to drag and hence an addi-
tional yawing moment that requires a change of rudder deflection: actual Vmca will
either increase or decrease.

An extended landing gear has no asymmetrical effects if the sideslip is zero. Zero
sideslip can be achieved with a small 3° to 5° bank angle, as was explained in § 2.8
and 8 4.3. In addition, as long as the landing gear is down, its drag of course decreases
the rate of climb, but retracting the gear might temporarily decrease the available rud-
der boost pressure (§ 4.12), therewith temporarily reducing the rudder deflection and
increasing actual Vmca. The opening of gear doors could also increase the drag tem-
porarily. Retracting the gear might also affect the center of gravity, hence the rudder
yawing moment a little. Check the AFM whether the gear should be left extended until
reaching a safer speed and/ or altitude.

4.13.2. Flaps and slats, after extension, might have an effect on the airflow striking
the tail and therewith affect Vmca (if the sideslip is not maintained zero with the small
favorable bank angle). Flaps might also affect the angle of attack of the airplane, and
therewith, on propeller airplanes, the location of the P-factor in the propeller disc, and
hence the thrust yawing moment, and Vuca. In addition, flaps might result in a roll
rate due to asymmetrical (propulsive) wing lift. The flap handle might also be mech-
anized to switch on or increase the rudder boost pressure system, so the position of
the flap selector handle has influence on the rudder control force and on Vmca (8§ 4.12).
On some airplanes, Vmca with flaps up is more than 10 kt higher than with takeoff
flaps. If boost would be off or low — as might be the case with the flap handle at zero —
or during a flapless approach and landing, Vmca would be much higher. This increase
of Vmca is indeed a factor to consider while returning to base while an engine is in-
operative.
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4.13.3. Vmca is to be determined with gear and flaps extended, but not with gear and
flaps in transition. Refer to the AFM of the airplane to find out whether transitioning
or retracted flaps affect Viuca on a particular airplane. This would be 'nice’ to know
for a safe return to base following the failure of an engine.

4.13.4. Spoilers affect the lift distribution (rolling moment) on and the drag of the
wings (yawing moment). When flight spoilers kick-in asymmetrically (when the con-
trol wheel is rotated more than 7°) to assist roll control during the early phases of
takeoff or during approach. By limiting roll control to 7°, the favorable bank angle
might not be reached, hence, the actual Vuca is higher and sideslip is not zero, per-
formance is not maximum (8 4.3.7).

4.14. Ground effect

An airplane is in ground effect if the altitude is less than about half a wingspan above
the ground. On some airplanes, Vmca might be influenced by the ground effect, be-
cause the aerodynamic control power might change while the airplane is close to the
ground. On other airplanes, the pitot-static air data system might be influenced by the
ground effect. Then, Viuca out of ground effect might differ a few knots from Vuca
in ground effect. The AFM might present different graphs for Vmca in and out of
ground effect. The highest Vmca of in and out of ground effect should be used for
takeoff.

4.15.  Stall speed

4.15.1. Some multi-engine airplanes with the engines mounted close to the fuselage
(small thrust moment arm) or with counter-rotating propellers have a Vuca that is
lower than the stall speed Vs, in which case the AFM either lists no Vuca at all, or
states that 'the airplane is controllable down to the stall', which is of course the pref-
erable and most safe situation. However, as was explained in § 4.3, this will only be
the case if the pilot (after engine failure) actually maintains the bank angle that was
used to design the vertical tail and to determine Vmca, in most cases 5° away from the
inoperative engine. If the bank angle differs from this favorable bank angle, actual
Vwmca might increase to a value higher than Vs and a controllability problem might
arise despite of the statement in the AFM. Refer to Figure 7 and to § 6.

4.16. Load factor

4.16.1. For airplanes that are controllable down to the stall while an engine is inop-
erative (8 4.15 above), a pushover maneuver was sometimes used to decrease the load
factor. This way, as was believed, Vmca could be determined or demonstrated. During
this maneuver, a load factor less than 1 g decreases the apparent weight of the airplane
and hence decreases the stall speed Vs temporarily below Vmca. In addition, the
weight W in side force W-sin ¢ changes, changing the balance of forces and moments,
unless the wings are kept level.

However, Vca is defined for straight flight (equilibrium) while maintaining a small
favorable bank angle. The transient effects of a sudden engine failure can only be
determined from steady flight, a flight path similar to a normal takeoff flight path, i.e.
unaccelerated flight with a load factor of 1 g, as well as many other standardized fac-
tors and conditions (discussed above), including maximum thrust on the (opposite)
engine.

4.16.2. The dynamics involved, the different air stream and angle of attack from a
normal takeoff flight path (P-vector) and the duration of these maneuvers make the
use of load factor inappropriate for determining or demonstrating Vwca.

4.17.  Climbing flight

4.17.1. An airplane at low gross weight with the engines at takeoff power setting
might develop a considerable rate of climb even with one engine inoperative. This
results in the reduction of side force W-sin ¢ by a factor cosine of the pitch angle
(cos 6). The consequence of a 30° climbing pitch angle is that the bank angle should
be increased by approximately one degree to generate the same side force as for level
flight. If a 5° bank angle was used to determine Vuca, the climbing flight requires a
bank angle of 6° to match the published Vmca, Which is however is against regulations
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for designing the vertical tail; so more rudder deflection is required, or a higher speed,
for straight flight: actual Vmca increases.

4.17.2. On three and four-engine airplanes, a high rate of climb can be avoided by
reducing the thrust of the centerline engine or of the symmetrical inboard engines.
This does affect neither the thrust asymmetry nor Vuca.

4.18.  Configuration changes

4.18.1. Any configuration change, modification or alteration that changes the loca-
tion of the lateral center of gravity or changes the asymmetrical thrust and/ or drag,
and/ or affects the required rudder and aileron deflections after failure of an engine,
will have influence on the published, standardized Vmca. For instance, increasing the
engine rating (setting on the engines, or replacing the engines with more powerful
ones), the installation of new type propellers, external (camera) wing pods, antennas,
or other external equipment on the wings, as well as changes inside the cabin that
influence the location of the lateral center of gravity, etc. could change Vmca signifi-
cantly.

Unscheduled events might have influence as well; the loss of engines, or the inadvert-
ent operation of a thrust reverser, or of a side-cargo door or panel in-flight, or anything
else that increases the asymmetrical drag, will affect the balance of yawing moments,
even without engine failure. A de-icing boot that comes loose from the leading edge
of a wing results in asymmetrical drag and might also become a factor that increases
the actual Vmca, even if all engines are operative.

Flight-tests (certification) are required to determine the effect of these configuration
changes on Vmca, if at all feasible and required. Manuals should be amended accord-

ingly.

5. MINIMUM CONTROL SPEEDS Vwc — DEFINITIONS AND TESTING

Part 23 & 25

Part 25 only

4 or more
engines |VMCA‘! HVMCA2| \VMCU HVMCL2|

Figure 33. Schematic diagram with all
Regulation-defined Vyc's.

5.1. Seven defined minimum control speeds Vmc

5.1.1. AFMs of two-engine Part 23 airplanes present two different minimum con-
trol speeds (Vwmc); four or more engine airplanes have five defined Viuc's. As illus-
trated in Figure 33, the defined Vuc's for all Part 23 and 25 airplanes are: Minimum
Control speed — Ground (VMmce) and Minimum Control speed — Air, or Airborne
(Vwmca). In addition, Part 25 airplanes have a Minimum Control speed — Approach and
Landing (VmcL). The Minimum Control speed — Air (Vmca) is often inappropriately
abbreviated as Vmc.

5.1.2.  Four or more engine airplanes (Part 25) not only have a Vuca and a Vmcl,
but also a Vmca2 and a Ve, both for two engines inoperative (n-2). Vimcai and Vmers
are the same as Vmca and Vucr respectively, both for one engine inoperative (n-1).
Civil Regulations (FAR/CS-25) do not require a Vmca2 anymore, for unknown rea-
sons, but military regulations do, because Vmca2 not only applies if one engine is al-
ready inoperative, but also applies as the acting Vmc in anticipation of a second engine
to fail (on the same wing).

5.1.3.  Vmca is the most important minimum control speed of all Vuc's and was
already discussed in greater detail in this report (§ 2.4 and § 4). Below, the definitions
of all Vuc's are presented, as well as the flight test techniques for determining the
Vwuc's, which are included for a better understanding of these important minimum
control speeds.

5.1.4.  Figure 33 shows the Regulation-defined Vuc's of which the standardized val-
ues are determined during flight-testing and published in the limitations section of
AFMs. As was explained in § 2.7, § 2.8 and § 2.9, and shown in Figure 7 and Figure
20, there are many more actual Vuca's, that differ from the AFM-published standard-
ized Vmc's, because the configuration, thrust setting, weight, bank angle and control
inputs are not the same as used during tail design and flight-testing. As was explained
in § 4.5.9 above, the published Vuc's represent the worst case Vuc's.

5.2. Vwmca flight-test preparation
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5.2.1. Toassist in understanding Vmca better, this paragraph is included. The flight-
test techniques presented below are not the complete flight-test techniques for engine-
out testing; they are provided to a certain extent and for information purposes only.
Please do not start testing Vmca on your own. Vuca testing is not without danger.
Experimental test pilots take many precautions; on some occasions, they even have
parachutes in their seats and a prepared escape hatch!

5.2.2.  Aswas explained in § 4, many variable factors have influence on the magni-
tude of Vmca. It would be impossible to determine a separate Vuca for all values of
all variable factors. Therefore, the worst cases of many of the variable factors that
have influence on Vmca and produce the highest — most unsafe — Viuca are used to
determine the standardized Vwca that will be published in the AFM. The advantage
of standardizing these factors is that both the testing and looking up Vmca by the flight
crew during preflight and before approach are very much simplified and less prone to
failures. The consequence however is that the standardized Vuca that is presented in
AFMs almost never corresponds to the actual Viuca that will be encountered during a
particular flight, but is always on the safe side for any value of the variable factors,
provided a few more conditions are adhered to, like maintaining a small favorable
bank angle and adequate rudder deflection to stop the yawing, i.e. maintain the head-
ing.

5.2.3.  In most cases, only altitude, temperature and flap setting are the variable fac-
tors during the testing and in the Vuca data provided in the AFM. As was explained
in § 4.3, bank angle influences Vmca considerably. During testing, a bank angle be-
tween 3° and 5° (as opted by the airplane manufacturer) away from the inoperative
engine is used; this will reduce the sideslip to near zero, maximizing the remaining
climb performance and also decrease Vmca.

5.2.4. The worst-case values of the variable factors used during testing of Vmca
were already mentioned in § 4, but are again presented below; the numbers between
parentheses refer to the paragraphs where more details can be found:

¢ A constant bank angle of 5° away from the inoperative engine, or less than
5° at the option of the applicant of the certificate of airworthiness of the
airplane (the airplane manufacturer, § 4.3);

o Lowest possible gross weight (no pax, no cargo, low on fuel, minimum
crew, § 4.3);

o Critical engine inoperative (8 4.5);
e Maximum available takeoff thrust on the operative engine(s) (8§ 4.6, § 4.7);

o Propeller of the inoperative engine feathered if an automatic feathering sys-
tem is installed, otherwise wind milling (§ 4.10);

o Center of gravity most aft and laterally into the inoperative engine, in the
approved envelope (8§ 4.11);

e A maximum of 150 Ib (667 N, military: 180 Ib) on the rudder pedal and a
maximum of 25 Ib (112 N) on the aileron control as per FAR/ CS § 23.149
and 25.149. Military Specifications limit roll control power to 75% to main-
tain a margin to cope with gusts, for transient effects after engine failure
and to maneuver (ref.'s 6, 7);

o Flaps in takeoff setting or as opted by the manufacturer (§ 4.13);
e Landing gear down or as opted by the manufacturer (8§ 4.13);
e Normal load factor 1 g (8 4.16).

5.2.5.  The flight-test techniques for performing Vmca flight-testing (ref.'s 11, 12)
are taught and trained by formal Test Pilot Schools and can also be found in CS 23,
ref. 6 and in FAA Flight Test Guides (AC 23-8C, ref. 3, and AC 25-7C, ref. 5).

5.2.6. Vmca is determined at a safe altitude of at least 5,000 ft AGL after which the
data are reduced and extrapolated to sea level (SL) on a standard day or to different
altitudes and temperatures as required for use in charts (more accurate Vmca data for
hot & high operations).
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5.2.7. To prepare for the safe conduct of Vmca flight-testing, the approximate value
of Vca is determined by using computer analysis of models or stability derivatives
of the subject airplane. An abbreviated version of the technique of predicting Vimca is
presented in the report The Effect of Bank Angle and Weight on the Minimum Control
Speed Vmca of an Engine-out Airplane, ref. 13. This technique was also used to cal-
culate and plot the graphs in this report.

5.2.8. Flight-testing begins with selecting the configuration to test, like takeoff or
landing, followed by static and dynamic Vmca flight-testing and handling qualities
testing. Handling qualities testing is required to determine the adverse effect of, for
instance, the loss of systems driven by the failed engine on airplane control. The initial
airspeed for these tests is 30 kt higher than Vuca for a small twin. Static and dynamic
(or transient effects) Vmca flight-testing are both described in the paragraphs below.

5.2.9. Figure 7 on page 14 showed the effect of bank angle on actual Vmca (during
equilibrium flight). Such plots can be calculated for sea level and for any altitude,
including the test altitude (engine thrust changes with altitude, § 4.6 ). Vmca in the
graphs was calculated using the maximum of either aileron deflection (20°), rudder
deflection (30°) or sideslip B (14°) versus bank angle. The pedal force limit (150 Ib or
667 N) was not included. On this sample airplane, a sideslip angle B in excess of 14°
should be avoided to prevent the vertical tail from stalling. Therefore, as shown in the
bottom graphs in Figure 7 on page 14, sideslip B (14°) is the limiting factor for bank
angles exceeding the range —1° to +10°. Rudder deflection (max. 30°) is the limiting
factor between 0° and +6°. Furthermore, on this specific airplane type, Vmca is ex-
pected to be lower than the stall speed at bank angles between 4° and 7° (at the test
weight, which is low weight). The airplane is said to be controllable down to the stall
but, as is shown in Figure 7, this is true only for bank angles between 4° and 7° away
from the inoperative engine (test weight). Actual flight-test data, or analysis of differ-
ent types of airplanes, might show different graphs from the ones shown. Refer to
§ 2.8 for details on this equilibrium.

5.2.10. Vmcaz, the minimum control speed with two engines inoperative, is flight-
tested on military 4 or more engine airplanes only (no civil requirement). The second
engine to be shut down is the engine next to the outer (critical) engine on the same
wing. This generates the largest yawing moments possible, hence the worst- case
Vmcaz. Figure 23 on page 30 illustrates the results of the pre-test-flight analysis. At
the test weight (low gross weight) and at a bank angle of 5° away from the inoperative
engine (positive in this example), Vimcaz is expected to be 117 kt and higher than the
stall speed. The lowest theoretical Vmcaz Will be reached at about a 9°, the lowest drag
at 7° bank angle. However, Regulations do not allow the use of a bank angle in excess
of 5° away from the inoperative engine (at airspeeds as low as Vmca) because of the
flow separation on the vertical fin, which on this airplane is expected above 8° of bank
when light, but above 6° when heavy, see the  graph in Figure 23. Flight-testing will
have to confirm this though. Figure 23 also shows the effect of both weight W and
bank angle ¢ in side force W-sin ¢: a higher weight requires a smaller bank angle for
the same side force (§ 4.3).

5.3. Static Vmca flight-testing

5.3.1. Static Vmca flight-testing is performed to determine the lowest airspeed at
which the airplane can maintain straight flight with an inoperative engine in a pre-
determined configuration as described in § 5.2.4 above. The only two test points for
measuring static Vmca in-flight are shown in Figure 34 below. The second test point
at ¢ = 4° is expected to be at or very close to the stall speed (Figure 7). That is 'nice
to know' prior to conducting the test-flight.

5.3.2.  First, a trim shot at a safe altitude with symmetrical thrust in the required test
configuration is established at an airspeed approximately 20 knots higher than the
expected Vmca that was determined during the analysis. Then the engine that is ex-
pected to be the critical engine (8§ 4.5) will be idled, then shut down, propeller feath-
ered, if applicable and if automatic (§ 4.10.4), and the opposite engine selected at
maximum available thrust while maintaining straight flight without changing the trim
controls. The throttles of the symmetrical operative engines on 4 or more engine air-
planes, or the centerline engine on 3-engine airplanes, may be set at a lower (reduced)
thrust level as to be able to maintain the altitude and decrease the speed during the
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testing of the lightweight test airplane; this does not affect the yawing moments. For
2-engine airplanes, airspeed will be decreased by establishing a rate of climb, if re-
quired; data are taken while passing the test altitude.
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Figure 34. Test points during flight-testing for static Vica
this sample airplane.

5.3.3.  While keeping the wings level, the airspeed is gradually decreased until the
heading can no longer be maintained by rudder and/ or aileron inputs or until one of
the control power or force limits (listed in § 2.7.4 and in § 5.2.4) is reached. The air-
speed at which this occurs is the actual Vmca for wings level. Then, while slowing
down and maintaining heading, the bank angle is slowly increased away from the
inoperative engine until the bank angle is 4° for this sample airplane (or the number
of degrees opted by the applicant, for instance 3° or maximum 5°) until again one of
the control power or force limits is reached. The turn needle will be centered and the
slip ball will be approximately half a ball width off-center (refer to § 2.8). The air-
speed at which this occurs is the Vuca of the airplane for the test day and test altitude.
On most airplanes, maximum rudder deflection or force is reached before an aileron
limitation. If an aileron limit is reached first, for instance on an airplane with big pro-
pellers, i.e. large propulsive lift, or on airplanes with counter-rotating propellers, then
Vmca is a laterally limited Viuca. In some cases, a Vmca is also determined with zero
rudder; then the bank angle will be little larger than 5° and the sideslip large (§ 2.9).

5.3.4. The test will also end if during the deceleration the stall speed Vs is reached
while the bank angle is zero or the opted degrees away from the inoperative engine.
If this happens, the airplane obviously is controllable down to the stall (at this bank
angle), which would be the preferable test result. The prediction for the sample air-
plane in Figure 7 on page 14 shows that the airplane is controllable down to the stall
only if the bank angle is 4° — 7° away from the inoperative engine.

5.3.5.  While decelerating, several false bank angle zero (false ¢ = 0) points might
be observed. At these unstable points, the slip ball will not be centered. The direction
of sideslip 3 should also be noted. Other data to be recorded are altitude, thrust level,
bank angle, sideslip, rudder force and deflection and aileron force and deflection.

5.3.6.  This procedure is normally repeated at lower, still safe altitudes. The ac-
quired Vmca test data will, after reduction and extrapolation to sea level (8§ 5.2.6), be
published as (the standardized) Vmca of the tested configuration in AFMs.

5.3.7. Toensure that the engine that is made inoperative in the procedure described
above is indeed the critical engine, the procedure is repeated after shutting down the
opposite engine. The engine that after shutting down returns the highest Vuca is the
critical engine (§ 4.5).

5.3.8.  Then, on 4 or more engine airplanes, the same test procedure is repeated to
determine the static minimum control speed with two engines inoperative (TEI,
Vmca2). The second engine to be shut down is the engine inboard of the first shutdown
engine on the same wing. This generates the highest Vucaz.

5.3.9. Asalready mentioned before, bank angle has great influence on Vmca. Vmca,
as defined and tested, is definitely not a minimum speed for maneuvering, but for
maintaining straight flight only, while maintaining the opted favorable bank angle.
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Therefore, the bank angle ¢ that is used to determine Vmca, Which in most cases is
between 3° and 5° away from the inoperative engine, should be specified in certifica-
tion documentation as well as in the AFM with the Vuca data and in engine emer-
gency procedures. Any deviation from this bank angle might result in a higher actual
Vwmca and in losing control if the CAS is lower than the actual Vmca.

5.4. Dynamic Vwmca or transient effects flight-testing

5.4.1. This test is conducted because an airline pilot must be able to avoid danger-
ous conditions that might result from a sudden engine failure in flight, especially dur-
ing takeoff or go-around when the airspeed is low. The test method is to stabilize with
symmetrical thrust (trim shot) and then cut-off the fuel supply to the critical engine at
several airspeeds. After observing a realistic time delay for recognition, decision, and
reaction (normally one second total), the test pilot arrests the airplane and achieves
engine-out straight flight. Data to be recorded are the changes in yaw, bank angle,
sideslip, rudder force and deflection, aileron force and deflection, the lost airspeed,
and the new rate of climb.

5.4.2. Experimental test pilots start the engine cuts at a safe airspeed higher than
static or predicted Vmca and gradually decrease the speed for the next test points. Tests
on propeller airplanes are performed with auto-feather on and off, if applicable. Nor-
mally, only a small number of test points are required to check the validity of the
measured static Vica's for transient effects.

5.4.3. Requirements for these tests are that control should be maintained without
exceeding a heading change of 20° (or excessive yaw or a rudder pedal force of 150 Ib
in accordance with FAR/ CS 23/ 25 Flight Test Guides, ref.'s 3, 5, 6. The bank angle
should not exceed 45°; no dangerous attitudes may occur. The lowest airspeed at
which these requirements are met is called dynamic Vmca. Torque and gyroscopic
effects of rotating engines or propellers might have influence on the dynamic Vmca,
as might propeller slipstream effects (§ 4.10.6 and § 4.9).

5.4.4. The AFM should present the higher of the dynamic Vmca and static Vica as
the Vmca of the airplane, to be able to survive an engine failure, but should present
the static Vmca anyhow as well, for a safe continuation of the flight with an inoperative
engine.

5.5. Definition of Vmca

5.5.1. The definition of Vmca in an AFM is often: "Minimum control speed is the
minimum flight speed at which the airplane is controllable with a bank angle of not
more than 5 degrees when one engine suddenly becomes inoperative and the remain-
ing engine is operating at takeoff power". This line is copied inappropriately out of an
Aviation Regulation (ref.'s 6, 7) that is intended to be used by airplane design engi-
neers for designing airplanes (including sizing the vertical tail) and for flight-testing
and certification of the airplane. Once the airplane is in operational use, for which the
AFM applies, pilots should definitely not keep the wings level to within 5 degrees of
bank, left or right, as the definition suggests. On the contrary, in order to ensure that
control of their airplane after engine failure can be maintained, whatever the configu-
ration and center of gravity are, and that the remaining climb performance is positive,
pilots need to maintain the same bank angle that was used to design the vertical tail
and that was also used to determine the published Vmca during flight-testing, which
is usually between 3 and 5 degrees away from the inoperative engine. Any other bank
angle, including a bank angle to the other side, will disturb the balance of side forces
and yawing moments and will result in lateral accelerations and rolling and yawing
moments that cannot guaranteed be balanced by the aerodynamic controls, simply
because the vertical tail with rudder (and the ailerons) were not sized large enough to
do so. The word suddenly in the Vmca definition in an AFM does not make sense at
all, it is misleading; Vmca applies always, even during the approach when an engine
already failed during takeoff or en-route. The above quoted definition of Vuca is def-
initely deficient. A suggestion for an improved definition is presented below.

5.5.2.  For Part 25 airplanes, Vmca might be defined and published, but not be dis-
played. Rotation speed Vr and takeoff safety speed V, are used on these airplanes.
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The Vmca of these airplanes is used to calculate Vg and Vamin, ref.'s 6, 7. See also
§ 6.4 resp. § 6.5 below.

5.5.3. Definition of Vmca for pilots: Vca is the minimum speed for maintaining
straight flight when an engine fails or is inoperative and the opposite engine provides
maximum thrust, provided a constant bank angle is being maintained of 3° — 5° (exact
number to be provided by the manufacturer) away from the inoperative engine.

It is strongly recommended to include the following warning:

Warning. Do not initiate a turn away from this bank angle while the thrust
is maximal and the airspeed is, or is close to Vuca. Not only the loss of con-
trol is imminent, climb performance might become less than positive as
well. Vica is not a safe minimum airspeed for making turns, only for
straight flight.

5.6. Minimum control speed — ground (Vwmca)

5.6.1. When an engine fails during the takeoff run, the thrust yawing moment will
force a displacement of the airplane on the runway. If the airspeed is not high enough
and hence, the rudder generated side force is not powerful enough, the airplane devi-
ates from the runway centerline and might even veer off the runway if the asymmet-
rical power setting is maintained. The airspeed at which the airplane, after engine
failure, deviates no more than 9.1 m (30 ft) from the runway centerline, despite using
maximum rudder, but without the use of nose wheel steering, is called the Minimum
Control Speed on the Ground (Vmce). The propeller, if applicable, is in the position is
automatically achieves after engine failure.

5.6.2. The Vmce presented in AFMs is, like Vvca, a standardized minimum control
speed. The actual Vwuce is lower, safer, whatever the configuration of the airplane is.
If the nose wheel steering is operative, the nose wheel supports the vertical tail for
keeping the airplane on the runway; the actual Vmce is lower, safer. At airspeeds be-
low Vmce, all throttles should be closed at once when one or more of the engines fail,
in order to prevent the airplane from veering off the runway.

5.7. Vwmce testing

5.7.1. The airplane will be in the test configuration, i.e. takeoff configuration, max-
imum available takeoff thrust on the operative engines, most unfavorable center of
gravity (aft, for less pressure on the nose wheel), trimmed for takeoff and at the most
unfavorable weight in the range of takeoff weights (civil: highest weight (1?), ref. 5;
military: lowest weight, ref. 12, because of less tire friction). First, the airplane will
be accelerated to an airspeed well above the predicted Vmce, while kept on the ground.
Then the critical engine is shut down after which the test pilot will try to keep the
airplane on the runway centerline using the rudder while maintaining maximum take-
off thrust on the opposite engine for maintaining the maximum asymmetrical thrust
forces and moments. During the test, a pilot reaction time of one second will be added.
For the next test points, the airspeed for cutting the thrust is gradually decreased until
the deviation from the runway centerline is (not exceeding) 9.1 m (30 ft) with maxi-
mum rudder deflection. That airspeed is Vmce. In addition, at every test point, the
transient response and handling qualities are subject to testing.

5.7.2.  When one engine of a high-performance twin-engine airplane fails, the air-
plane might still accelerate because of the high thrust of the remaining engine. There-
fore, it will not be possible to conduct the deceleration Vmcg test technique on such
twins, but an acceleration method has to be used. On three or more engine airplanes,
the thrust of the centerline or symmetrical inboard engine(s) may be reduced to pre-
vent acceleration after shutting down the critical engine, because these engines do not
contribute to the yawing moments.

5.8. Definition of Vmce

5.8.1. Besides the formal definition in FAR/ CS 25.149 (e), as copied in § 5.6.1
above, the following definitions are also used:

o “Vwce is the lowest speed at which the takeoff may be safely continued fol-
lowing an engine failure during the takeoff run”, or
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o “Vwca is the lowest speed at which directional control can be maintained on
the runway following an engine failure while the thrust is maximal”.

5.8.2. CSandFAR 25.107 (a) allow the manufacturer to add an 'increment' to Vmce
(by defining a higher speed called Engine Failure speed Vgr) that could be used to
include the effects of a wet or otherwise contaminated runway and of crosswind.

5.8.3.  For Part 23 commuters and Part 25 airplanes, Vmce (like Vmca) might be
defined and published, but not displayed. Vuce of these airplanes is used to calculate
decision speed V1. V1 is Viuce plus an increment to engine failure speed Ver plus the
speed gained until the (test) pilot reacts to the engine failure, usually one second, ref.'s
6 and 7. V1 is discussed in § 6.2 below.

5.8.4.  Definition of Vmce for pilots: Vwmce is the speed below which the takeoff
has to be aborted at once when an engine fails to avoid runway excursion. The same
definition applies for V1 for airplanes that do not use or display Vwmce.

5.9. Effect of crosswind and runway condition on Vmce

5.9.1.  When a crosswind takeoff is made, some rudder deflection may be required
to keep the airplane on the runway centerline. When the (or an) upwind engine fails,
the rudder deflection needs to be increased to counteract the thrust yawing moment as
well. Because the rudder is already deflected against the crosswind, the pilot may not
have as much rudder power available as is required to keep the airplane on the runway.
The actual Vmce will be higher. The critical engine for Vmce with crosswind might
be the, or an, upwind engine and not the in-flight critical engine.

5.9.2.  Runway condition is relevant to Vmce as well, because of the friction of the
landing gear tires on the surface of the runway. A wet or slippery runway results in
higher actual Vmce's.

5.9.3.  There are no requirements for crosswind and runway conditions during Vmce
testing. Check the AFM for conditions that might apply to Vmce or to the derived
decision speed V; for the subject airplane for these conditions.

5.10.  Minimum control speed — landing (VwmcL)

5.10.1. Vmce is the minimum control speed in the approach and landing configura-
tion and is similar to Vmca, but the airplane configuration is different. Vmcy is defined
for Part 25 airplanes only in FAR and CS 25, ref.'s 6, 7. There is no military require-
ment for Ve, its existence is questionable, as might become clear below.

5.10.2. During a normal stable approach, the required thrust of the engines, even if
one of the engines is inoperative, will not have to be at maximum setting. VmcL will
therefore not be a factor until the thrust has to be increased to maximum, for instance
during severe turbulence or after initiating a go-around.

5.10.3. In addition to VmcL, @ VmcL2 exists for airplanes with four or more engines.
VmcL for these airplanes is sometimes published as Vmcr1 (n-1). Vmcrz (n-2) is the
minimum control speed during approach or landing when two engines on the same
wing are inoperative, or after failure of a second engine. If one engine is already in-
operative prior to, or fails during the approach, Vmcw2 applies from that moment on as
the minimum control speed for landing, in anticipation of a second engine to fail. If
the airspeed during the approach decreases below Vuci2, increasing the asymmetrical
thrust to maximum for a go-around will result in the loss of control (if both failed
engines are on the same wing). Therefore, when two engines are inoperative, the air-
plane is committed to land, unless the altitude can be exchanged for airspeed down
the glideslope, before the remaining (asymmetric) engines are throttled up to maxi-
mum thrust.

5.10.4. During a go-around, following cleaning-up the airplane (gear up, flaps take-
off), Vmca() applies, or Vicaz if one engine is inoperative, and not VmcL anymore.
The AFM will most probably state that a go-around with an inoperative engine is not
recommended because the approach and/ or threshold speeds are lower than Vmcaz.
Vmcaz is the applicable minimum control speed when the airplane is not in the landing
configuration and while one engine is inoperative, in anticipation of another engine to
fail. If a second engine on the same wing fails during going-around with maximum
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thrust on the operative engines while the airspeed is as low as or lower than Vucaq,
airplane control will be lost right away.

5.11.  VwmcL testing

5.11.1. The flight-test to determine Vmcy is similar to static Viuca testing (§ 5.3),
with the exception of airplane configuration. The airplane configuration for Vucy test-
ing is: low weight, aft center of gravity, landing configuration (flaps and gear down),
trimmed for the approach, critical engine out, go-around power on the operative en-
gine(s) and the propeller of the inoperative engine, if applicable, in the position it
achieves without pilot action.

5.11.2. Inaddition, the test must demonstrate that lateral control at Viucr (and Viuciz,
if applicable) is adequate to roll the airplane from straight flight through an angle of
20 degrees away from the inoperative engine in not more than 5 seconds, ref.'s 6, 7.

5.12.  Definition of VmcL

5.12.1. Vwmcw is the airspeed at which it is possible to maintain control of the airplane
in the landing configuration and maintain straight flight provided a bank angle is being
maintained between 3° and 5° (exact number to be provided by the manufacturer)
away from the inoperative engine, when an engine fails or is inoperative and the other
engine(s) are at go-around power. In addition, a Vmcy2 exists.

5.13.  Other engine-out evaluations

5.13.1. Other engine-out evaluations may include, but are not limited to a go-around
evaluation (performed at a safe altitude), an approach, a landing, and a takeoff. These
tests are very dangerous, require extreme care and hence are not recommended to be
performed without proper knowledge and training; the crew must be very cognizant
and well prepared. Refer to § 4.3 above for a few advices. The incorrect application
of rudder and ailerons might result in an attitude from which safe recovery is not pos-
sible (accidents analyzed in § 8.4 and § 8.5). In case another engine fails during the
maneuver, immediate reduction of asymmetrical thrust might be required to save the
airplane and the souls on-board.

5.13.2. The flight-testing of airplanes with fly-by-wire flight control systems might
have to differ from the procedures described above. Some flight control systems of
‘electric’ jets schedule controls without the pilot noticing, following the failure of an
engine. Control surfaces deflect without any stick input, and without the pilot realizing
what is going on. It will be evident that the data acquired during Vmca testing need to
include the actual control surface deflection data of aileron, rudder, and elevator, as
well as actual thrust data measured at each engine.

5.13.3. Experimental flight-test crews conduct engine-out flight-testing well pre-
pared and in accordance with approved flight-test techniques. They demonstrated that
all multi-engine airplanes on the market today are controllable after engine failure,
because they understand the limitations and conditions that apply after engine failure.

5.14.  Many more minimum control speeds

5.14.1. Although three types of minimum control speeds (Vwmc) are defined (Vmca,
Vmca and Vmcr), many more actual Viuc's exist. Every factor that has influence on
the asymmetrical forces and moments that act on an airplane while an engine is inop-
erative, results in an actual Vuc. The defined Vuc's are determined using the worst
case of these factors. These defined and AFM-published Vmc's are always safe though,
provided the pilot maintains the required rudder deflection for zero yaw rate (straight
flight) and a small bank angle of 3 to 5 degrees, as specified by the manufacturer,
away from the inoperative engine when the asymmetrical thrust is maximum. Refer
to § 4.
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6. TAKEOFF, APPROACH AND LANDING SPEEDS

6.1. Takeoff speeds are published as numbers or in tables or graphs in AFMs to
provide safety during takeoff and go-around, even when an engine fails or is inopera-
tive. Part 23 utility and aerobatic category airplanes only use rotation speed Vg and a
minimum speed requirement at 50 ft.

Part 23 commuter category (< 19 pax, MTOW < 19,000 Ib) and Part 25 airplanes use
takeoff decision speed V4, rotation speed Vg and takeoff safety speed V. that must be
reached before 35 ft AGL. In the paragraphs below, these speeds will be explained,;
they are defined in FAR/ CS 23.51 or 25.107, ref.'s 6, 7.

6.2. Takeoff speed (Part 23)

6.2.1. The rotation speed Vg of Part 23 utility and aerobatic category twin-engine
airplanes must be greater than 1.05 Viuca or 1.1 Vs (8 23.51 in ref. 6 and ref. 7). The
climb speed at 50 ft AGL must be the greater of 1.1 Vmca or 1.20 Vs; (or a speed safe
for continuing the flight). If the wings are kept level, the actual Vmca is higher than
the published Vmca used to calculate Vg. It should be emphasized in procedures to
attain the small favorable bank angle as soon as possible to avoid the loss of control.
Refer to the first reviewed accident in the video (ref. 3).

6.3. Takeoff decision speed V1

6.3.1. Vi is the minimum speed in the takeoff at which the takeoff may be safely
continued following the failure of an engine. A pilot may not count on being able to
come to a full stop before reaching the end of the runway if the speed is higher than
V1. For Part 23 commuters, V1 is not less than 1.05 Vmca or Vmce (option manufac-
turer). For Part 25 airplanes, V1 is not less than Vuce or the little higher engine failure
speed Ver as selected by the manufacturer, plus the speed increase gained in one sec-
ond reaction time after engine failure. Ver might provide for a margin for runway
condition and crosswind effect above Vwce, that was determined on a dry runway and
without crosswind component.

6.3.2. At speeds below Vi, it is not guaranteed that the airplane will stay on the
runway using aerodynamic controls if the (asymmetrical) thrust setting is maintained
maximum. Also refer to Vmce testing in § 5.7. Above V4, the lateral deviation after
engine failure will be less than 30 ft, but runway overrun might occur after aborting
the takeoff.

6.3.3.  The definition of V1 for pilots is presented in § 5.8.4 above; the effects of
crosswind and runway condition in § 5.9.

6.4. Rotation speed Vr

6.4.1. Vgforboth Part 23 commuter and Part 25 airplanes is not less than the greater
of 1.05 Vmca or 1.10 Vs, or the speed that allows attaining V- before reaching 35 ft
AGL. The rotation speed VR is a critical speed for airplane control, because the rota-
tion starts while the main gear is still on the runway and hence, the wings are still
level. As was explained before (§ 4.3), the actual Vmca with the wings level is higher
(8 — 30 kt) than the standardized Vmca that is published in AFM (small bank angle
away from the inoperative engine) and hence, that was used to calculate V. The air-
speed normally continues to increase after passing Vs and might, at liftoff, be higher
than Vmca with the wings level. Nevertheless, the favorable bank angle should be
applied immediately after liftoff to keep the actual Vmca low and the sideslip (drag)
as low as possible.

6.5. Takeoff safety speed V2

6.5.1. V;is also one of the procedural speeds used for planning and performing a
takeoff with FAR/ CS Part 25 airplanes.

As the name implies, V2 is supposed to be a safe speed during takeoff, especially if an
engine fails after passing decision speed V1. In the analysis below, airspeed data of
the sample 4-engine turbojet airplane presented before in this report will be used again
to show that there is a very important condition to indeed make V; a safe takeoff
speed. The accident analyzed in § 8.5 confirms this.
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6.5.2.  Takeoff safety speed V- as defined in FAR/ CS 23/ 25.107 (c) must provide
at least a (certain) positive one engine inoperative gradient of climb and may not be
less than:

e minimum Vz (Vamin);

o Vg plus the speed increment attained before reaching 35 ft above the run-
way level;

o aspeed that provides the maneuvering capability i.a.w. FAR/CS 25.143(h).

6.5.3.  Vamin may not be less than 1.10 x Vuca for all airplanes. In addition, a re-
quirement exists for Vamin to be at least 1.08 or 1.13 x Vsg, dependent on the number
of engines and provisions for power-on stall speed reduction. Vsg is the reference stall
speed. Vamin might not be the lowest V> a pilot may use, especially if the wings are
kept level (which results in an actual Vuca that is higher than published Vmca).
Since the exact increment above rotation speed Vg, which is attained before reaching
35 ft above the runway level, is unknown for the sample airplane of this report, the V-
data shown in the figures below is Vamin.

6.5.4. As was mentioned before in this report, it was not possible to use flight-test
determined Vmca, Vs and V- data of a real airplane since these data are usually pro-
prietary and not accessible. Therefore, data from analysis of stability derivatives of a
sample 4-engine turbojet airplane, that are normally used to prepare for Vuca flight-
testing, were used, ref. 13. As was explained before in § 5.2.4, other standardized var-
iables for determining Vwmca are the lowest possible gross weight and the most aft
center of gravity in the approved envelope as well as the worst cases of other variables
that have influence on Vmca.

6.5.5.  If the manufacturer had recommended a 4° bank angle away from the failed
engine for lowest drag, the published standardized Vmca is 85 kt. Stall speed Vs at
low weight is also 85 kt. The standard Vaomin for low takeoff weights would have to
be the higher of 1.10 x Vmca =1.10 x 85 =94 kt and 1.13 x Vs = 1.13 x 85 = 96 kt,
so the actual Vomin would have to be 96 kt. However, if the pilot keeps the wings level,
the actual Vmca is 119 kt, 23 kt higher than Vamin. Vamin for a takeoff with the wings
kept level, should have to be recalculated to 1.10 x 119 = 131 kt! This higher takeoff
speed results in longer takeoff runs or less payload, which is what airlines do not like.
Again, the real V- used for takeoff is higher than Vamin, but the question is whether
the V; used for takeoff is high enough in case the favorable bank angle is not main-
tained after engine failure.

6.5.6. Normally, while using a small bank angle and at high gross weight, Vaomi is
10% above the standardized Vmca and — by definition — 8 or 13% above Vs. Vomi is
presented in Figure 35 below. This figure is similar to Figure 20, but with Voun data
added. The Vomin data in this figure are calculated using Vuca for a 4° bank angle.

6.5.7. Figure 35 below shows that if the pilot keeps the wings level following the
failure of an engine, as is being advertised in many engine emergency procedures, the
actual Vmca will be 119 kt for all weights and higher than Vawmin, except for weights
higher than 240,000 Ib. At these higher weights, the margin to Vuca is less than 10%.
This implies that with the wings level, Vawin does not provide an adequate safety
margin at all. The safety margin is now limited to an additional increase above Vamin.
Therefore, the consequence of keeping the wings level following the failure of an
engine is that the actual value of Vowin should be increased to 1.1 x actual Vmca
=1.1 x119 = 131 kt to maintain the regulatory intended safety margin that Vamin
should provide. Again, V>, rather than Vauin, might still be just above actual Vuca,
but the safety margin is definitely smaller. Actual flight-test data should be used to
determine the real safety margins of Voumin and Va.

6.5.8.  Since the calibrated airspeed during takeoff or go-around will be Vaouin or a
little higher before and after engine failure at or below 400 ft, the consequences of
banking away from the favorable bank angle (between 3° and 5° away from the inop-
erative engine) might be that the airplane will start drifting away from the runway
centerline and that control will be lost already as soon as the wings roll through wings
level. The airplane might continue to roll into the dead-engine-side until the flight
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ends in calamity. If controls seem ineffective, these uncommanded yawing and roll-
ing, can only be counteracted by immediately decreasing actual Vuca, which — at that
altitude — can only be achieved by temporarily reducing the asymmetrical thrust a
little, which instantaneously decreases actual Vmca to a safer value. If altitude is avail-
able to be exchanged for speed (for a go-around), that is an option too, but this might
take too much time.

6.5.9. Instrument flying procedures and departure procedures are easier to fly at
zero bank angle, so may be because of the 8 or 13% margin of Vamin above Vs, it is
often said that the wings can be kept level while maintaining V.. However, if the
wings are indeed kept level, the actual Vmca is usually 10 — 30 kt higher than the
AFM-published Vmca (depending on airplane type); a sideslip (increased drag) cannot
be avoided. Therefore, if a (procedural) bank angle is to be used that differs from the
bank angle used to determine Vuca, it is evident that (actual) V- needs to be revised
(increased) as well, to allow for the procedural wings-level attitude to be safe.

6.5.10. Vmca is the minimum speed for maintaining straight (equilibrium) flight
only, if an engine is inoperative; maneuvering requires a higher airspeed. If, however,
one or more of the variable factors that influence Vmca (refer to § 4) are not at their
worst-case value, actual Viuca might be lower than the published Vuca and not in-
crease excessively after banking away from the favorable bank angle as illustrated in
this paragraph. This might be the reason that following many engine failures, control
could be maintained "easily" while the wings were kept level following the failure of
an engine or during a training session with an inoperative engine. Nevertheless, quite
a few accidents have also learned that after initiating a turn (while the thrust was high),
it was impossible to end the turn and return to the original bank angle because of
insufficient control power, because the actual Vmca increased above the calibrated
airspeed. Vwmca is definitely determined for a reason and the bank angle condition ex-
ists anyhow, which is of relevance to pilots 'who only use V' as well.

6.5.11. Vomin is supposed to add at least a 10% safety margin on top of the minimum
control speed Vwmca, but that is obviously not the case if the bank angle is less than or
away from the bank angle used to determine Vwmca. If the manufacturer or operator
applies an airspeed increment above Vg to obtain takeoff safety speed V- (§ 6.5.2),
takeoff safety is still not guaranteed. The pilot assumes to be safe while maintaining
V; on the airspeed indicator after engine failure, but the actual V- that should be main-
tained after banking away from the favorable bank angle is many knots higher. During
the takeoff accident analyzed in § 8.3, control was lost while the airspeed was 24 kt
(M higher than V3, and the accident analyzed in § 8.5 happened even while the air-
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speed was only 2 — 4 kt below Vzminy. Not maintaining the favorable bank angle re-
duces the safety margin required by FAR/ CS 25.107 considerably or even nulls it. In
addition, sideslip is not zero, which might adversely affect the takeoff performance.

6.5.12. Asillustrated in Figure 35 above, Vs increases with weight. Vs is the leading
factor for calculating Vomin at higher weights and for airplanes that are said to be
controllable down to the stall, while Vmca is normally the leading factor for calculat-
ing V2 at low airplane weights. Although Vs also increases when the bank angle is
away from wings level, this increase is negligible up to the approved maximum fa-
vorable bank angle of 5 degrees (1/Ncos 5° = 1.002). Referring to the analysis above,
it will be evident that Vmca is not only the leading factor for Vamin at low weights, but
also for higher weights, and for airplanes that are controllable down to the stall, once
the bank angle is deviating from the bank angle used to determine Vmca (and to size
the vertical tail), even if this is just a few degrees (effect of W-sin ¢). This regrettably,
is never mentioned with the calculation and display of takeoff safety speed V.

6.5.13. As was discussed before, roll assisting spoilers affect the lift distribution on
the wings when the aileron control wheel deflection exceeds 7 degrees on some air-
planes (8§ 4.13.4). This adverse effect was not included in the Vomin analysis above.

6.5.14. Summary. For V; to be a safe takeoff safety speed it is certainly required for
this sample airplane — and most probably for all multi-engine airplanes — to maintain
the favorable bank angle that was used to determine Vmca and Vmcaz (normally be-
tween 3° and 5° away from the inoperative engine(s)) and to maintain straight flight
until reaching a safe altitude, as long as the asymmetrical thrust is high and the air-
speed low. The small bank angle will keep the actual Vmca below Va.

6.5.15. Takeoff safety speed V2, which is not less than Voumin or Vg plus a speed
increment at 35 ft AGL is only a safe takeoff speed as long as all engines are providing
equal (symmetrical) thrust and, following the failure of an engine, only as long as a
bank angle between 3° and 5°, as opted by the manufacturer (used to size the vertical
tail and to determine Vmca), is maintained away from the inoperative engine. This
banking requirement is regrettably published neither with V> nor with Vmca in most
AFMs. On the contrary, some AFMs even allow — and some Standard Instrument De-
parture (SID) procedures require — a turn with 15 degrees of bank to either side while
the airspeed is as low as V», which will become dangerous if other factors that have
influence on Vuca happen to be at their worst-case values (for Viuca).

6.5.16. Appropriate crew response to propulsion system malfunction remains of ut-
most importance for takeoff and go-around accident prevention. Maintaining takeoff
safety speed V; alone warrants no safety if an engine fails during initial climb.

6.6. Approach and Go-around speeds

6.6.1. The approach speeds of normal, utility, and aerobatic part 23 airplanes
(< 2722 kg / 6000 Ib) must not be less than the greater of Vmca with the wing flaps in
the most extended take-off setting and 1.3 Vs. For higher weight airplanes of this
category, this speed is called Vrer (8 23.73 in ref. 6 and ref. 7). For commuter category
airplanes Vrer must not be less than the greater of 1.05 Vmc with flaps in landing
position and 1.3 Vs. 1.3 Vs is also called the threshold speed, the speed on which the
calculation of landing distance is based.

Most manufacturers recommend additives up to 20 kt to Vrer for high, steady state
winds and gusts, and for windshear.

6.6.2. In §2.10.5 some guidance was already presented for the increase of the
safety margin above Vet / Vmca. A Vrer 0f 1.05 Vimca is definitely not a safe ap-
proach speed when the wings are kept level. Then, as explained above, the actual
Vwmca for small airplanes can already be 8 kt higher than the published standardized
Vmca Used to calculate Vrer and can easily increase above Vger during straight flight
and turns. When the pilot maintains Vrer during the approach at less than maximum
thrust level, but has to increase the thrust to maximum for whatever reason such as
the occurrence of windshear or go-around, a loss of control can occur at once. Some
Operating Manuals do not take the increase of Vmca with bank angles away from the
favorable bank angle into account.
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7. REVIEW OF AIRPLANE FLIGHT AND TRAINING MANUALS

7.1. The use of CAS and IAS in AFM and Training Manuals

7.1.1. The airspeed indicator (ASI) in a cockpit indicates the Indicated Airspeed
(IAS). An ASlI is designed and calibrated to display the difference between total pres-
sure Pt and static ambient pressure P,. But the instrument is and cannot be perfect.
The indicated airspeed values have three categories of errors: instrument errors in the
ASI, and lag and position errors of the pitot-static system. The IAS displayed on one
ASI is not by definition equal to the IAS displayed on a second ASI in the cockpit or
on a maintenance-replaced ASI, when connected to the same pitot-static system.
CS/FAR 23.1323 (b) defines the pitot-static system error, excluding the ASI calibra-
tion error, to not exceed the maximum of 3% of CAS or 5 kt, whichever is greater
throughout speed ranges 1.3 V1 to Ve with flaps up, and 1.3 Vs; to Ve with flaps
extended.

In Technical Standard Order (TSO-C46a) the approved tolerance of an ASI from 60
—120 kt = £2.0 kt, at 150 kt = +2.5 kt and at Vne = £ 3.0 kt. Hence, the difference in
airspeed indications between the ASI of pilot and copilot may be up to 6 kt, if con-
nected to the same pitot-static system.

7.1.2. The stall, takeoff, minimum control, cruise and landing speeds, and the han-
dling qualities of the airplane were determined with a calibrated test system and were
reported as Calibrated Air Speed (CAS) for a given gross weight (mass). These, for
flight operations important speeds are usually published as numbers or in graphs as
KCAS in the AFM of a type of airplane. Temperature and air density do not affect
CAS; CAS has the same significance on all days: CAS today, even if hot or high, is
CAS during a standard day. CAS is therefore the most important airspeed for pilots.
The CAS in one airplane is the same as CAS in another airplane of the same type,
with identical pitot-static systems; the limiting and operational speeds in CAS are the
same and are published in their common, generic AFM.

7.1.3.  The AFM-writer cannot know the instrument errors of each individual ASI
installed in each production airplane, which is the reason that CAS is normally used
in generic AFM's. In the cockpit of each airplane, correction tables show the relation-
ship between the IAS and CAS of each individual installed ASI, except for a few
categories of airplanes, or if the instrument errors are included in adjustable electronic
display systems. Even then, the label with the speed tape or dial should read CAS.

7.1.4. Hence, if an IAS is used in an AFM, the inspectors assigned to review the
manual before approval, and the investigators of an accident should disapprove the
use of IAS in an AFM, unless the AFM is for a particular airplane tail number, and
provisions are in place to amend IAS data following the remove- and replacement of
an ASI.

7.1.5.  AnFDR records CAS data, not IAS data; only a pilot can read IAS data from
the ASI. In some cases, the header of the airspeed column in FDR factual reports is
inappropriately called Computed airspeed, probably by computer whizz kids who just
believe that the letter C always means Computed. If an investigator notices IAS or the
term Computed Air Speed in FDR data reports, questions should be asked what in-
strument errors were used to obtain IAS or Computed Air Speed from the CAS.

7.2. Vmca in AFM and training manuals

7.2.1.  Multi-engine airplanes are designed, built, and subsequently flight-tested to
continue to fly safely after failure of one of more of the engines. Nevertheless, many
accidents after engine failure, or better after propulsion system malfunction, continue
to happen. Following the investigation of the accident, often the loss of control, an
aerodynamic stall or inappropriate crew response to propulsion system malfunction is
concluded as the cause of such an accident. However, the crew is not always to be
blamed, as will be explained in this paragraph. Most AFMs and training manuals as
of today do not present the real and true value of Vmca and do not present the condi-
tions for which Vmca and the derived takeoff speeds thereof are valid. In addition, the
engine emergency procedures do not take into account the design criteria for sizing
the vertical tail and the flight test techniques to measure the Vmca of the airplane.
Therefore, besides investigating the wreckage of an airplane following an accident,
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the manuals and books used by pilots should also be reviewed to disclose the possibly
real cause of an inappropriate crew response, being short falling manuals and text-
books.

7.2.2.  Aswas explained in § 2.4, the design engineer at the drawing board for de-
signing the vertical tail and rudder not only uses Vmca, but also includes banking a
few degrees away from the inoperative engine, because this small bank angle reduces
both the drag and the required size of the vertical tail, and therefore saves manufac-
turing cost and weight. The design engineer determines the magnitude of the bank
angle to be used for the tail design but is constrained by aviation regulations that allow
a maximum of 5° (FAR/ CS 23.149 and 25.149, ref.'s 6, 7). Any other bank angle
changes the forces and moments that act on the airplane and results in a different
mostly higher actual Vmca (8 4.3). In other words, for bank angles other than the bank
angle used by the design engineer, the vertical tail might not be large enough to gen-
erate a side force and hence a yawing moment powerful enough to counteract the
asymmetrical thrust moments for maintaining airplane control after engine failure if
the opposite operative engine is set to provide maximum thrust. Therefore, this bank
angle should be included in an appropriate way in or with the definition of Vmca and
be published as a condition with the Vuca data in AFMs for which the published Vmca
is valid, but the aviation requirements do not (yet) require manufacturers to do this.

7.2.3.  Most airplane manufacturers present Vuca in their AFMs as a single speed
or in a table of minimum control speeds for different ambient temperatures, flap set-
tings and pressure altitudes to facilitate operations form hot and high airports. But
they regrettably do not explain that Vmca changes considerably with changing bank
angles or with less than maximum rudder deflection to some higher actual value, as
was explained in § 2.4.2 above. Furthermore, they do not issue a warning for the po-
tential hazardous consequences of maneuvering at airspeeds near or below Vmca
while an engine is inoperative and the thrust setting on the operative engine(s) is high.
The same applies to many multi-engine flight crew training programs, including sim-
ulator training.

7.2.4. Inaddition, Viuca is one of the factors in the calculation of both Vg and V»
of Part 23 Commuter and Part 25 airplanes. Therefore, the conditions that apply to
Vmca, apply to Vg and V; as well (§ 6.5.9).

7.2.5. Not stating the requirement for straight flight while maintaining a small bank
angle for the published Vmca (and Vg and V2) to be valid is definitely a very danger-
ous omission that has led and will lead again to misunderstanding of Vmca and con-
sequently to accidents due to loss of control immediately following a propulsion sys-
tem malfunction or during the remainder of the flight while an engine is inoperative
and the (asymmetrical) thrust is high (§ 4.3).

7.2.6. Engine emergency procedures should list the requirement to attain the favor-
able bank angle immediately after engine failure at the current airspeed, or before or
while the thrust setting is increased to maximum and the airspeed is low, to stop the
yawing with adequate rudder deflection and to maintain straight flight only, until
reaching a safe altitude.

Accident and air safety investigators should review the manuals to this effect. If the
investigator concludes that the small bank angle is neither included with Vmca, nor
with Vg and V- data, and is not presented in the engine emergency procedures either,
a conclusion on this omission should be reported. The airplane manufacturer should
be strongly recommended to include the requirement for straight flight while main-
taining the small bank angle until reaching a safe altitude in order to prevent accidents
after engine failure in the future.

A few imperfections on Vmca in some AFMSs and textbooks will be given and ex-
plained below.

7.3. Definition of Vmc, Vmca in an AFM and in textbooks

7.3.1.  Multi-engine rated pilots know Vmca from AFMs and textbooks in which
either one of the following definitions of Vmc / Vimca might be given. The first was
also used in 8 5.5.1:

1. 'Air minimum control speed is the minimum flight speed at which the airplane
is controllable with a bank angle of not more than 5 degrees when one engine
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suddenly becomes inoperative and the remaining engine is operating at take-
off power*; or

2. 'Vwmcna is the airspeed at which, with the airplane airborne and maximum
takeoff power on the engines, when the critical engine is suddenly made in-
operative, it is possible to recover control of the airplane and maintain
straight flight with an angle of bank of not more than 5 degrees.'; or

3. 'Vmc is the minimum airspeed at which control can be maintained with the
critical engine inoperative and the remaining engine operating at full power.'

7.3.2.  As already mentioned in § 5.5.1 above, these definitions are copied straight
from the regulatory paragraphs (8§ 23.149 or § 25.149 (ref.'s 6, 7) or are an interpreta-
tion thereof by the textbook or manual writer, but these paragraphs are intended for
designing (sizing) the vertical tail of the airplane by the design engineer, not for use
by the (airline) pilot. Once the airplane is in operational use, for which the AFM ap-
plies, pilots should definitely not keep the wings level to within 5 degrees of bank,
left or right, as the first two definitions suggests. On the contrary, in order to ensure
that control of their airplane after engine failure can be maintained, whatever the con-
figuration is, and that the remaining climb performance is positive, pilots need to
maintain the same bank angle that was used to design the vertical tail and that was
also used to determine the AFM-published Vmca during flight testing, which is usually
between 3 and 5 degrees away from the inoperative engine. Any other bank angle, or
a bank angle to the other side, will disturb the balance of side forces and yawing mo-
ments and will result in lateral accelerations and yawing and rolling moments that
cannot guaranteed be balanced by the aerodynamic controls, simply because the ver-
tical tail with rudder (and/or the ailerons) were not sized large enough to do so (§ 2.4).
The word suddenly does not make sense at all; Vmca applies always, even during the
approach when an engine already failed during takeoff or en-route, see also § 5.5.1.
The above quoted AFM definitions of Vmca are definitely deficient and must be im-
proved. A warning should be included as well, refer to § 5.5.3.

7.3.3.  If pilots would interpret Vmca from only these definitions, they might — after
engine failure and with the thrust setting of the remaining engine(s) high — believe the
airplane to be unlimited controllable at Vmca. However, as was explained in § 4.3
above, a bank angle change of 10° (+ to — 5°) at an airspeed as low as the published
Vmca can be catastrophic. On some airplanes, the actual Vmca increases 30 knots by
doing so; returning to the original heading using aerodynamic controls alone might
not be possible anymore, asymmetrical thrust needs to be reduced temporarily as well.
Vwmca is for maintaining straight flight after engine failure only while a small bank
angle (as opted by the manufacturer) is maintained away from the inoperative engine
(and the thrust setting is maximum). The unexpected increase of the actual Vmca,
while banking away from the small favorable bank angle during maneuvering and
while the thrust is (increased to) maximum, and the subsequent inability to maintain
control, i.e. to return to the original heading, is the real cause of many airplane crashes
during takeoff after engine failure or during subsequent flight while an engine is in-
operative.

7.3.4. Critical engine. The second and third definitions above might also suggest
that it is not a problem when a non-critical engine fails. During flight-testing, the crit-
ical engine is made inoperative because this results in the highest, the worst case and
most unsafe Vmca. The worst cases of most variable factors that have influence on
Vwmca are used during flight-testing but are not listed in the AFM definition. A forward
center of gravity might have a greater effect on the actual Vuca than the difference
between the yawing moments caused by the critical and the opposite less critical en-
gine(s). We will never know, because it is not a subject of flight-testing. The AFM-
published — worst case — Vuca applies after failure of anyone of the engines and for
all values of the other variables that have influence on Vmca. So, the adjective ‘critical’
with engine should not be used in AFMs either. AFMs present only one engine emer-
gency procedure that applies after failure of any of the engines, critical or not critical,
inboard or outboard. The single published Vmca applies in anticipation of, and fol-
lowing either engine failure. Therefore, the highest Vmca has been determined and is
published as standardized Vmca in AFMs. Pilots do not need to know about the criti-
cality of an engine, only test pilots and design engineers do.
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7.4. Vwmca in engine emergency procedures

7.4.1.  Although engine emergency procedures of some airplane's present guidance
on the use of the small favorable bank angle, this often comes too late in the procedure,
when the loss of control is already irreversible.

7.4.2.  In§ 9.4, anaccident with a DHC-6 Twin Otter is discussed. The engine emer-
gency procedure of the airplane that crashed following an engine failure at liftoff is
presented in that paragraph, including comments. Attaining the favorable bank angle
as soon as possible after liftoff to reduce the drag and to keep the actual Vmca low
was not included in the procedure.

7.5. Vwmca in the cockpit

7.5.1. FAR and CS § 23.1545(b)(6), ref.'s 6, 7, require "the airspeed indicator of
reciprocating twin-engine powered airplanes of 2,722 kg (6,000 Ib) or less maximum
weight to be marked with a red radial line showing the maximum value of the one
engine inoperative minimum control speed determined under § 23.149 (b)". A sample
airspeed indicator is shown in Figure 36. The blue radial line indicates the single en-
gine best rate of climb speed Vvse while maintaining a 2 to 3° bank angle.

7.5.2.  The airspeed numbers on the instrument dial are IAS, while the red, blue, and
other radial lines are the same as published as text in tables in the AFM, hence in CAS.
Something to be aware of, see also § 7.1.1.

7.5.3. FARand CS § 23.1563 require "an airspeed placard in clear view of the pilot
and as close as practicable to the airspeed indicator. This placard must list for recip-
rocating multiengine-powered airplanes of more than 6,000 pounds maximum weight,
and turbine engine-powered airplanes, the maximum value of the minimum control
speed, Vmc (one engine inoperative) determined under §23.149(b)". A sample placard
is shown in Figure 37.

7.5.4. FARand CS 23 do (regrettably) neither require the bank angle for which the
indicated and/ or placarded Vmca is valid to be included on this placard, nor on a sep-
arate placard near the airspeed indicator. This could very well also be a recommenda-
tion by investigators for a change of Regulations to the FAA or equivalent authorities.
As was mentioned before in § 3.1.3, some manufacturers do include the favorable
bank angle in EOI performance data for Vvsg, which is smaller than for Vmca, because
the airspeed is higher, i.e. the rudder side force is larger. The manual writer obviously
did not know about the effect of bank angle on Vuca.

7.5.5. Part 25 airplanes do not display or placard Vmca; takeoff safety speed V- is
used instead, although Vmca is used to calculate minimum V2 (Vamin). Please refer to
8 6 for more facts on this subject, including the effect of bank angle on Vamin. For
Part 25 airplanes, Vamin gets very close to Vuca if the weight is low and the thrust is
maximum (Figure 35 on page 50) as long as the small favorable bank angle is main-
tained. Actual Vmca increases above Vomin if the small bank angle is not maintained.
It should be recommended to list or display the favorable bank angle that was used to
design the tail and for which Vuca and the derived Vomin are safe minimum speeds.

7.5.6. The safe favorable bank angle (range) could be indicated on a PFD, using
advisory eyebrows as illustrated in Figure 38 below. As the thrust is reduced, the air-
speed increased or if any of the other variables that affect Vuca is not at its worst-case
value, the eyebrows open up increasing the safe bank angle range. This feature could
also be of use during turns at low speed during takeoff, go-around, SIDs, in holding
patterns and during approaches while an engine is inoperative. All data required to
calculate the safe bank angle range are available in the computers of modern airplanes.
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Figure 38. Suggested bank angle advisory eyebrows for safe
bank angle range for lowest actual Vyca while OEI.

7.6. Inappropriate Vmca texts in training manuals and textbooks

7.6.1. Much guidance material is available to conduct engine-out training, but very
few, if any, address the real value of Vmca, the effect of bank angle and rudder deflec-
tion on Vmca and on the remaining performance as Test Pilot Schools do. Not only
are most AFMs deficient on Vmca and the limitations that come with it, most student
pilot text- and training books are incomplete as well, and flight schools do not warn
pilots for the conditions that apply to Vmca either. The flight techniques that are taught
to student pilots are not in agreement with the way that the airplanes were designed
and flight-tested. Therefore, a review of training manuals and textbooks should be
conducted as well during accident investigations.

7.6.2. Below, anumber of imperfect and deficient Viuca definitions are quoted from
a few textbooks and training manuals. It is irrelevant for the purpose of this report to
list the sources; it merely supports the conclusion that many authors regrettably have
an understanding of Vuca that differs from airplane design engineers, test pilots and
flight test engineers. Investigators can use the examples for evaluating manuals and
textbooks.

7.6.3.  Seen in atraining manual of a 4-engine turbofan airplane:
‘At low weights, lift off/ take-off speed is close to Vmca. Limit bank to £15° max.'

e Itisindeed correct that at low weight the lift off/ takeoff speed is close to
Vwmca (within 10%, 8 6.4, 8 6.5.3 ), but banking 15° into an inoperative en-
gine at this low speed (and at high power setting) increases the actual Vmca
considerably, up to 60 knots! Banking >10° into the operative engine at too
low a speed might result in a fin stall. In both cases, control of the airplane
will be lost and the flight will end in calamity if the other variables that
have influence on Vuca happen to be at their worst-case value (§ 4.3) and
the thrust is maximal.

‘At higher weight, smaller control wheel deflections are required and very small bank
angles are required to maintain heading.'

o Why is this 'higher' weight mentioned? Is this a reference to the effect of
bank angle and weight on Vmca (W-sin ¢, § 4.3)? The writer obviously is
aware of the effect of weight on Vmca, but does not mention it. Why does
the writer say 'angles' (plural) and not 'a small favorable bank angle away
from the failed engine'?

'With one engine out: use full rudder and wings level.'

o Full rudder will only be required when the thrust is maximal and the air-
speed is as low as Vmca, provided the other factors that have influence on
Vmca are at their worst values as well. Rudder is required to stop the yaw-
ing, i.e. to maintain the heading, no more. By recommending wings level,
the writer accepts a drag penalty as well as a 10 — 30 kt higher actual Vmca
(82.7,84.3).

'With two engines out: 3° bank required to maintain heading.'
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e Seems good point, but the bank is not only required to maintain heading,
but for keeping the actual Vuca and the drag as low as possible. It is not
specified into which direction the bank should be; away from the inopera-
tive outboard engine, of course.

'‘During IFR conditions & engine out: apply aileron to level wings, then smoothly
rudder in same direction.’

e What to do if not IFR/ IMC?

e The rudder is the only aerodynamic control available to counteract the
thrust yawing moment and should be applied first (this will also roll the
airplane). Then ailerons are required to attain the manufacturer-opted bank
angle (between 3° and 5°) away from the inoperative engine. Applying ai-
lerons first might delay reducing the sideslip angle and deploy roll assisting
spoilers, increasing drag and reducing climb performance. To recognize an
engine failure early, a turn needle (yaw rate indicator) might be of great
help, but people who might have forgotten about Vmca took this indicator
off the electronic displays on many airplanes.

"Vmea is the minimum airspeed at which the airplane may be controlled in roll along
the longitudinal axis with the critical engine failed, full thrust on the operating en-
gines, and a maximum 5 degree bank toward the operating engine."'

o The writer got confused about the effect of an inoperative engine. Vuca is
for directional/ heading control except for airplanes on which propellers
provide very high propulsive lift. Then Vmca might refer to a lateral or ai-
leron limited minimum control speed (8 5.3.3). The remaining roll authority
at Vmca on civil airplanes is neither tested, nor documented and may there-
fore not be counted on; military airplanes still have 25% roll control power
available at Vmca (8 2.7.4). If roll control inputs are made at Vmca, control
might very well be lost right away. Vmca is the lower speed limit for main-
taining straight flight, not for any controlling, neither in roll, nor in yaw.
This definition is dangerously wrong! Refer to § 4.3.

'At Vomin, the stall warning (after engine failure) occurs at about 35° bank angle what-
ever the configuration.'

o Vomin is normally the greater of 1.1 x Viuca and 1.08 or 1.13 x Vs
(FAR/ CS 25.107, see § 6.5 above). Can this airplane then safely use bank
angles up to 35° without any increment to Vmca and therewith to Vamin
while one engine is inoperative? No, definitely not. This simply cannot be
true by physics and aerodynamics laws. A truly dangerous statement made
by somebody who does not understand asymmetrical powered flight (8§ 6).
(Vsat $ =35°is 1.1 x Vsat ¢ =0°).

o At Vaomin (1.10 x Vmca When the gross weight is low) the airplane might
already become uncontrollable if the wings are about level (§ 4.3, § 6.5).

"The speed increment values against Vomin required by the JAR-OPS for bank angles
at takeoff exceeding 15° are very conservative for [this airplane] and could be penal-
izing. The manufacturer recommends minor speed increments against Vawin: o speed
increment whatever the bank angle up to 30°, and a 5 kt increment at 30° bank angle.'

e Aswas explained many times before in this report, the actual Vmca in-
creases considerably while banking away from the favorable 3° - 5° bank
angle away from the failed engine. Vamin is normally 10% higher than
Vmca (at low weight), but after banking, actual Vmca will be much higher
than Vamin Which definitely results in controllability problems at bank an-
gles up to 30° (8 6.5). A 5 kt increment at 30° bank angle will never have to
be applied; the control of the airplane will already be lost by then (if the
thrust is maximum and other factors that influence Vmca happen to be at
their worst-case values as well, 8 4). The accident analysis in § 8.5 shows
that control was lost when the bank angle was only 13° into the dead en-
gine.
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o Authorities should require data on the effect of bank angle on Vmca before
approving speed increments. Investigators should comment on this.

7.7. Training and demonstration of Vmca

7.7.1.  Accidents immediately following an engine failure or during flight with an
inoperative engine continue to happen, so adequate training for recognizing the nearby
loss of control and for controlling an engine-out airplane is of utmost importance.
Pilots should also understand the real value of (actual) Vmca, being the airspeed at
which rudder and/ or aileron do not have any control authority left, despite maximum
control deflections. Much engine failure related training can be done in simulators,
provided these are modeled to simulate the real thing as closely as possible, because
some engine-out airplane software models are not quite correct (by experience, next
paragraph). The ultimate engine-out training can only be performed in the air in a
multi-engine airplane.

7.7.2.  After the first version of a paper on this subject was finished back in 2000,
the author got the opportunity to attend a 3-hour detail in the simulator of a big 4-
engine propeller airplane. After the planned training session was finished, a few en-
gine failure test points were flown at the request of the author of this report to be able
to confirm some of the statements in the report. The unexpected result of this little test
was that the aileron deflection required for straight flight after failure of engine #4
was the same as for failure of engine #1, which of course should be opposite! This
simulator was definitely not modeled correctly for engine-out training after failure of
engine #4, only for training with engine #1 inoperative. This occasional test result
came by surprise; the simulator instructors had never noticed this. They adduced that
the simulator was FAA approved. It is unknown whether there was a requirement for
this simulator to be used for engine-out training after failure of engine #4. It could
very well be that in this simulator never a failure of any other engine than the critical
engine (#1) was or had to be simulated during training sessions. A few years later, the
same results were concluded in a simulator of a two-engine turboprop. It seems that
the certification / approval of simulators is conducted by people who should read this
report as well.

7.7.3.  The result of this small test also adds to the point that the training program
itself, the syllabus, the simulator, and any changes to either the simulator hardware or
software should be properly verified and approved by (experimental) flight-test ex-
perts in order to avoid training for which the simulator is not (correctly) modeled. For
this simulator, somewhere should have been stated not to simulate engine failures on
the right wing! Following an accident, investigators should also look into training and
demonstration to verify these are appropriate.

7.7.4. Demonstration of Vmca in flight should be conducted at low gross weight, for
instance as the last exercise during a training flight. A low weight as well as an aft
center of gravity (within the approved envelope) will cause the actual Vmca to be as
close to the published standardized Vmca as possible (§ 4.3.4, § 4.11). The procedure
for demonstrating or training Vmca could be the same as used for determining Vca;
refer to 8 5 for the procedure to conduct flight-tests to determine both dynamic and
static Vmca, the latter with both wings level and with a small 5° bank angle into the
operative engine. It should not be attempted to duplicate the AFM-listed Vmca, refer
to footnote 1 on page 16.

7.75. FAR CS 23.149 (d) requires a minimum speed to intentionally render the
critical engine inoperative must be established and designated as the safe, intentional,
one-engine-inoperative speed (Vsse), but not all manufacturers publish this speed in
their AFM. Vsse provides a margin above Vuca When one engine is suddenly made
inoperative during Vmca demonstration or training flights. It is not sure that this speed
provides for a large enough margin above Vmca to enable safe turning (8§ 2.10).

7.7.6. It is strongly recommended to demonstrate the influence of bank angle as
well as the effect of only partial rudder deflection and the effect of reducing asym-
metrical thrust on Vmca to achieve an improved appreciation of the minimum control
speed. Training should include straight flight at less than maximum asymmetrical
thrust and then increasing the thrust to maximum and decreasing it while maintaining
the heading, to get a good feeling of the required rudder and aileron changes. Also to

58

Copyright © 2005 — 2024, AvioConsult



Airplane Control and Analysis of Accidents after Engine Failure AvioConsult

practice is a shallow simulated final turn for landing during which the thrust has to be
increased as well, all maneuvers at a safe altitude (>5,000 ft AGL).

These standard maneuvers resulted in accidents (§ 9.2 and § 9.3) because of inappro-
priate rudder handling (with thrust changes). In addition, demonstrate that control can
be maintained by reducing the thrust a little before turning, at the cost of some altitude
because of the increased drag and the loss of thrust (§ 2.10). See the cautions below!

7.7.7.  Keep in mind that thrust decreases with increasing altitude and that the actual
Vwmca Will decrease as well. If (the actual) Vmca decreases below Vs, the airplane
during training (at altitude) might be controllable down to the stall which might not
be the case at sea level. Then Vuca cannot be demonstrated; consider a demo with
wings level, with a bank angle into the inoperative engine (at a safe altitude), the rud-
der boost system switched off or by limiting the rudder deflection to less than maxi-
mum, that all will increase actual Vmca. On 4 or more engine airplanes, reduce the
thrust of the other engine on the same wing to be able to demonstrate (an actual) Vmca.

7.7.8. A real sudden engine shutdown should be part of the training as well. As a
reaction to engine failure, all throttles normally have to be moved forward and not
only the throttles of the operative engine(s) (FAR/ CS § 23.149 & 25.149 (b)). Only
after a 'real' engine failure, the student pilot will get a feeling of the dynamics involved
and will have to perform the standard emergency procedure and recover to and main-
tain straight flight. Left and right engine failures should both be trained.

7.7.9. Cautions for training and demo. If the airspeed is close to Vmca, the sudden
reduction of thrust on one wing generates both a yaw (heading change), and on pro-
peller airplanes also a rapid roll due to the imbalance of the propulsive lift on both
wings. The pilot must react fast with rudder and roll inputs to prevent excessive yaw-
ing and adverse bank angle from building-up. Any improper control input can result
in an immediate loss of control of the airplane. Allowing a sideslip to build-up will
increase drag, loss of airspeed and altitude, and to big trouble if conducted at low
altitude.

7.7.10. Keep in mind that it is very dangerous to fly an airplane at low altitude and
low airspeed while one engine is, or more engines are, inoperative. A catastrophic
accident is to be expected while maneuvering at an airspeed that is close to the actual
Vwmca or to the actual stall speed, and also in case another engine fails. High risks are
also taken if the fuel supply is suddenly cut while in takeoff; it is a very dangerous
practice.

7.7.11. The accident analyzed in § 8.5 shows that reducing one throttle to idle to
simulate an engine failure just after rotation is not without danger either. Zero drag
should be set on the simulated failed engine, i.e. zero thrust, not zero torque or flight
idle (propeller drag/ spillage drag, § 4.6.6).

One engine inoperative go-around training should initially be conducted at an altitude
of at least 5,000 ft AGL. Following a demo and hands-on experience while the air-
speed is at or very close to the actual Vmca, a simulated engine-out go-around could
be practiced while maintaining a bank angle of a few degrees into the good engine as
the thrust or power is increased. Consider also rendering another engine inoperative
than the critical engine, for training purposes. Every inoperative wing engine results
in its own asymmetrical thrust yawing moment and has its own actual Vmca that is
equal to or lower — safer — than the published standardized Vmca. Also, keep in mind
that the go-around speed of a 4-engine airplane with one engine inoperative is Vmcaz,
which is much higher than Vucai1 (§ 4.4.7, 8 5.10.3).

7.7.12. If rudder and/or aileron deflections are (near) maximum for maintaining
equilibrium flight, the airspeed is very close to the actual Vmca. Then maintain, and
do not bank away from, the favorable bank angle, between 3° and 5° into the good
engine, as the manufacturer should have published with the Vmca data in the AFM.

7.7.13. Contrary to a sudden engine failure, the yaw rate/ heading change at (actual)
Vmca, When the airspeed was slowly decreased or when the thrust of a failing engine
decays slowly, is usually not very large as is shown in the FDR data graphs of the
analyzed accidents in § 8.3, § 8.4 and § 8.5. Nevertheless, during training or demon-
strations, the instructor should be prepared to immediately reduce the asymmetrical
thrust or power by closing the opposite throttle(s) if the attitude of the airplane changes
unexpectedly. Do not release the rudder if initial buffet is encountered. This will cause
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the sideslip to increase rapidly with a resulting roll into the idling/ inoperative engine.
A combination of high angle of attack and sideslip may cause a stall that could pro-
gress into a spin or a spiral dive. Also, be prepared for the case that another engine
fails as well.

7.7.14. 1tis strongly recommended to thoroughly review § 4 in which most variable
factors that have influence on Vuca are discussed, prior to training or demonstrating
Vwmca.

7.8. Performance data OEI (n-1)

7.8.1. AFMs provide performance data in charts for all engines operative, and for
one (or more) engines inoperative. Performance while OEI was already discussed in
§ 3 above.

7.8.2.  During reviewing manuals, investigators should review the used takeoff per-
formance data and determine whether the engine inoperative performance data in the
AFM, such as Vvyse and Vxsg, are accompanied by a power setting, an advisory and/
or limitation for the bank angle during maintaining straight flight and for configura-
tion changes (8 3.1.3 above). If the investigator, while analyzing engine failure related
accidents, concludes that the AFM or other flight operations manuals do not include
the proper conditions for maintaining n-1 climb performance and control, appropriate
conclusions and recommendations for improvement should be included in the acci-
dent investigation report.

7.9. Role of AFM, FCOM, FCTM, Checklists and/or QRH

7.9.1. During the certification of airworthiness of an airplane, the AFM and Weight
and Balance Manual are defined with title and number in the Type Certificate Data
Sheet (TCDS) and hence are an integral part of the Certificate of Airworthiness. An
AFM usually has an approved and a non-approved part. All procedures and perfor-
mance data need approval of the aviation authorities, including modifications and al-
terations that affect procedures and performance. For instance, a new type propeller
or an uprated engine both require change of the approved data in the AFM, because
Vmca, performance and weight and balance data change.

Operators often use AOM, FCOM or FCTM, and a QRH, rather than an AFM (with
approved checklists). These manuals might be provided by the airplane manufacturer
to allow a quick start of operations with the newly acquired airplanes, but larger airline
companies write their own AOM, FCOM, FCTM, and/ or QRH, which do not require
approval of the authorities. All of these manuals are so-called company manuals that
are also maintained by the company, unless this is contracted out to the airplane man-
ufacturer or to some other company. The procedures and performance data in these
manuals must be in accordance with the procedures and data in the AFM and Weight
and Balance Manuals that are defined in the TCDS, otherwise the certificate of air-
worthiness of the airplane is not valid, the airplane not airworthy. Accident or air
safety investigators should also verify the used AFM and other manuals and check-
lists/ QRH following an accident.
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8. ANALYZING FDR-EQUIPPED AIRPLANE ACCIDENT DATA

8.1. In this chapter, accidents that actually happened following an engine failure
will be discussed using experimental flight test knowledge and experience. These ac-
cidents were chosen because the air minimum control speed (Vwmca) Was not appro-
priately mentioned in the analysis section of the investigation reports, while just prior
to the accidents the asymmetrical thrust was high, the propeller of the affected engine
was not-feathered and the airspeed was low. These are all ingredients for the loss of
control that can result in a catastrophe. The analysis in this report will be limited to
controllability and performance after engine failure and will guide the reader through
the presented graphs that originate from actual Flight Data Recorder data.

A circled number (e.g.®) refers to the same symbol in the figures; (sec.) refers to the
elapsed time in seconds used in the figures.

8.2. Required data for analyzing control & performance after engine failure

8.2.1. Many factors have influence on the controllability of a multi-engine airplane
after engine failure. Most of these factors were discussed in § 4 above. The worst-case
of these factors were used to design (to size) the vertical tail for being able to coun-
teract the asymmetrical thrust and to determine the minimum control speed Vmca that
is published in the AFM of the airplane during experimental flight-testing. Most of
the factors do not change at the instant an engine fails, like weight, location of the
lateral and longitudinal center of gravity, etc. However, bank angle, rudder deflection
and thrust have great influence on the controllability and performance after engine
failure. These variables are under direct control of the pilot and are therefore indis-
pensable for analyzing engine failure related accidents. All factors that have effect on
the magnitude of Vmca might eventually become important for analyzing the acci-
dents.

8.2.2.  Vwmca isto be observed by pilots as a lower speed limit prior to and following
an engine failure. As was explained in this report, there are a few conditions for the
published Vmca to be valid. The bank angle during measuring Vmca was, as used dur-
ing tail design, between 3° and 5° away from the inoperative engine; 5° is often used.
Any other bank angle results in a much higher actual Vmca (8 4.3). In some cases, a
little larger bank angle into the good engine lowers actual Vmca, but increases the
sideslip angle, therewith increasing the drag and the horizontal angle of attack of the
vertical tail. Fin stall and hence, the loss of directional control, are imminent. Any
lower thrust setting than maximum takeoff thrust results in a smaller thrust yawing
moment, less required rudder deflection to counteract that yawing moment and hence,
to a lower actual Vmca instantaneously (8 4.6). With a lower than maximum thrust
setting, airplane control can be maintained down to an airspeed lower than the red-
lined, placarded and/ or AFM-published Vmca.

8.2.3. During analyzing engine failure related accidents, it is important for investi-
gators to realize that the AFM-published Vmca is valid only when applying rudder for
zero yaw rate, i.e. for maintaining the heading, and while banking the small favorable
bank angle (5°) away from the inoperative engine (§ 4.3). Otherwise, the actual Vmca
that was experienced and effective in-flight was higher than the AFM-published
Vmca.

8.2.4. The required manuals and data for analyzing engine failure related accidents
include, but are not limited to the manuals and data listed below. Systems operation
data might also be required, such as autofeather, autothrottle and rudder boost opera-
tion. Please refer to § 4 for a full description of the factors that have effect on both
Vwmca and the performance after engine failure.

o approved Flight and Weight and Balance Manuals that are listed in the
Type Certificate Data Sheet.
During accident and incident analyses, these formal manuals should be
used. Owner-written or manufacturer provided manuals such as FCOM,
FCTM, POH and checklists/ QRH might not be approved by certification
authorities, but should be in agreement with the approved AFM, if used
during operations. The use of data out of non-approved manuals during op-
erations renders the Certificate of Airworthiness of the airplane invalid;
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e AFM-published Vuc's;

o takeoff speed, V1, Vg, Vamin and/ or Vo, if applicable;

e indicated/calibrated airspeed;

e heading;

e barometric and radar altitude;

e temperature;

e pitch, yaw and bank angle;

e angle of attack;

o control deflections (rudder, aileron and elevator), incl. max. deflections;
e Rudder ratio system data, if applicable;

e position of trim controls;

o seat/pedal adjustment (was full rudder/ 150 Ibf foot pressure possible);
o flaps, flap handle position, landing gear;

o roll control spoilers;

o engines thrust/ torque levels;

o thrust derating or flexible/ reduced thrust setting, if applicable;

e propulsion systems (engines, its derating settings and propellers), in general
airplane configuration, in accordance with the Type Certificate Data Sheet;

¢ which engine(s) failed, and when;

o the criticality of the failed engine(s);

o propellers, rpm and rotating directions, if applicable;

o propeller blade pitch, feathering, if applicable;

e rudder boosting, level and source, if any;

e actual airplane weight at the time of the accident;

o the location of the center of gravity (longitudinal and lateral);

o fuel imbalance, lateral and longitudinal (aft or stabilizer tank), if any, and
fuel crossfeed selector(s) setting; and

o localizer deviation, if applicable.

8.2.5.  Characteristic for the loss of control, unlike a stall, is the inability of coun-
teracting uncommanded yawing and rolling motions with rudder and/ or ailerons. In
some cases, the pilot does not apply adequate (up to full) rudder and/ or aileron and
does not maintain straight flight. In other cases, a pilot forgets trim settings that were
large as required while at high asymmetrical thrust, but should be neutralized when
thrust is (going to be) reduced. This is also what to look for in FDR graphs and in
witness reports while analyzing propulsion system malfunction related accidents. The
accidents presented below are analyzed using the experimental flight-test knowledge
and experience that was used to write this report. The analyses are limited to control-
lability prior to and following a propulsion system malfunction but include a review
of data out of the Flight Manuals if the manuals or part thereof were included in the
accident investigation reports.

62

Copyright © 2005 — 2024, AvioConsult



Airplane Control and Analysis of Accidents after Engine Failure AvioConsult

8.3. Accident Jetstream 4100

8.3.1.  Shortly after liftoff, a Jetstream 4100 crashed. Relevant Flight Data Recorder
(FDR) data that were extracted from the Interim Report, ref. 17, and that are presented
in Figure 39 below will be used. The analysis is limited to airplane control, because
not all of the airplane and accident data that would be required for a thorough analysis
were presented in the Interim Report. Circled numbers (like @) refer to events in the
figure.
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Figure 39. Relevant FDR data accident Jetstream 4100.

8.3.2.  Analysis. During takeoff, at about the instant of rotation, 5 sec. before liftoff
(@), the right (#2) engine failed (®) and the thrust slowly decayed to zero in about
25 seconds. The takeoff was continued. As shown by the FDR data of pitch, roll and
heading, the dynamic effects caused by the failing engine were minimal, although the
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pilot entered two small rudder pulses to the right, immediately following the engine
failure. The airplane started to climb and the pilot initially maintained approximately
runway heading with a small, but increasing rudder input to the left. The bank angle
(roll) varied a little around wings-level. Roll control power by the ailerons was ade-
quately available; the airplane responded adequately to the aileron inputs. Despite of
the reduction of the thrust of the right engine, the airspeed continued to increase for
about 12 seconds to approximately 135 kt, which was much higher than the required
V- (103 kt) for this flight phase. The pilot increased the rudder deflection for main-
taining the heading, but allowed a small bank angle to develop to the right, into the
inoperative engine, rather than away from it. Consequently, a sideslip developed, in-
creasing the drag after which, as a result, the airspeed started to decrease. The bank
angle could still be controlled using the ailerons, but was not 5 degrees (or less as
opted by the manufacturer) away from the inoperative engine as is required for mini-
mum drag and a low actual minimum control speed Vmca While the thrust was asym-
metrical.

8.3.3.  Since the propellers of this type of airplane both rotate inward down, the
Vmca's after failure of either engine are (approximately) equal; neither engine can be
designated critical, both engines are equally critical (8§ 4.5.5). Hence, the Vuca pub-
lished in the AFM applies after failure of any of the two engines, but was not presented
in the preliminary report, ref. 17. Vg is usually 1.05 Vmca. Vr Was 95 kt, S0 Vuca
might have been published as 90 kt.

8.3.4.  When the decreasing airspeed reached approximately 127 kt, the airplane
started banking to the right (®), which could not be prevented by an increasing aileron
input to the left, up to 10 degrees of maximum available 21 degrees control power.
This only partial 10-degree aileron deflection was not large enough for the ailerons to
generate a high enough rolling moment, at the decreasing actual airspeed, to counter-
act the propulsive thrust rolling moment generated by the blown wing section behind
propeller #1 and other rolling moments. The pilot allowed the airplane to bank to the
right, because the opposite aileron deflection was not large enough to prevent this.
Lateral (roll) control was lost at this point because of only partial aileron deflection
(®, 8 5.3.3). The indicated airspeed had decreased below the actual lateral minimum
control speed (= 127 kt) for the given partial aileron deflection, for the actual bank
angle and the actual thrust setting. Uncommanded rolling (and/ or yawing) that is, or
cannot be counteracted by the pilot is, during flight-testing, an indication that the cur-
rent airspeed is the actual minimum control speed. In other words, not being able to
counteract or not increasing available control power for counteracting (uncom-
manded) rolling and/ or yawing is an indication of the loss of control at the current
airspeed (8 5.3.3). In this case, the pilot did not counteract the rolling while adequate
aileron control power was still available; hence, the current airspeed was the actual
Vwmca. Refer to § 2.5.3 for a definition of actual Vmca.

8.3.5.  The torque of the left engine, which was reduced a little to approximately
85% for unknown reasons, was then slowly increased to over 100% in 10 seconds
time. This increasing engine torque increased the thrust yawing moment (and the roll-
ing moment due to thrust) even more. An increase of opposite rudder deflection can
be observed, but could not prevent the yawing to continue to increase to the right. The
rudder deflection was not larger than 12 degrees of an available 24 degrees; the control
power provided by the partial, half rudder deflection was not high enough to stop the
yawing and to maintain the heading at and below an airspeed of = 125 kt. Directional
control was lost as well at this point (®).

The actual directional Vmca for the 14 degrees of available 24 degrees of rudder de-
flection, the actual engine thrust and the actual bank angle, was = 125 kt. The actual
directional Vmca was obviously a little lower than the actual lateral Vica (= 127 kt),
most probably because of the counter rotating propellers. The airspeed at which con-
trol was lost was 24 kt higher than takeoff safety speed V»! V. did obviously not pro-
vide the safety that is expected from it, because the controls were not adequately used
to maintain both the heading and the favorable bank angle (§ 6.5.11).

8.3.6.  Just after the torque increase started, the flaps were selected up, also at the
instant of event @. The flaps on the left wing were blown by the still running propeller
#1 at higher airspeed than the flaps on the right wing with the failed engine. This might
have contributed to the rolling moment. Flaps might also have had influence on Vuca
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because the effect of the airflow striking the vertical tail. Nevertheless, the aileron
deflection was not maximal.

The flap handle might also be mechanized to switch on or increase the rudder boost-
ing; this will have an effect on the value of Vuca and therewith on the controllability
of the aircraft. Review of the AFM is required to confirm this.

8.3.7.  The Vmca published in the AFM and that is used to calculate both Vr and V>
is measured while slowly decreasing the airspeed, at the instant that either the rudder
or the aileron reaches maximum deflection (§ 5.3.3) or the control forces reach the
maximum allowed value (§ 2.7.4). During the test, the airplane is in a test configura-
tion, which includes, but is not limited to, the maximum takeoff thrust setting on the
operative engine, the propeller of the failed engine feathered, if automatic, an aft cen-
ter of gravity, lowest possible weight, and a bank angle of 5 degrees away from the
inoperative engine. The manufacturer determines the bank angle though, during tail
design, which is usually between 3 and 5 degrees. A not (fully) feathered propeller, a
not fully deflected lateral and/ or directional control surface or any other bank angle
than 5 degrees away from the inoperative engine will increase the standardized AFM-
published Vuca to a higher, actual value. The standardized AFM-published Vmca is
valid only while maintaining this bank angle during straight flight.

8.3.8.  The consequence of not maintaining the bank angle after engine failure is not
only that actual Vmca increases, but also that a sideslip develops, causing drag that
reduced the airspeed as well as the rate of climb (to a negative value).

8.3.9. From the moment of event @, the airplane kept rolling (®) and yawing (®)
to the right, despite of the opposite control inputs. The aerodynamic forces generated
by these partial, less than maximum control deflections and the actual airspeed, were
obviously not large enough to counteract the propulsive thrust rolling moments and
the yawing moments. Since lateral control was lost at an indicated airspeed of about
127 kt and directional control at 125 kt, 127 kt was obviously the actual Vmca of this
airplane at that instant, with the actual values of power setting, control deflections,
bank angle, center of gravity, weight, etc. This actual Vmca was higher than the Vmca
published in the AFM because the actual bank angle and the actual control deflections
were not the same as were used to determine the Vmca that is published in the AFM
(8 5.3.6) and that was used to calculate takeoff speeds Vg and V (§ 6.4 and § 6.5). In
addition, Vmca might have been increased by flap retraction as well (at the same mo-
ment as event @) or by gear retraction, therewith also deteriorating the controllability
of the airplane.

8.3.10. Then, suddenly, the torque of the other engine also decreased to zero within
10 seconds. The crew must have mis-identified the failed engine and shut down the
operative engine. Following this total power loss, there was no asymmetrical thrust
anymore, and hence no adverse thrust yawing and rolling moments. The graphs in
Figure 39 show that control was restored as soon as the torque of the left engine de-
creased below approximately 80%. The deflections of rudder and aileron at that mo-
ment were sufficient to counteract the reduced engine yawing moment from there on;
both directional and lateral control were regained (®,®). The altitude was about 450
ft AGL. Because the ailerons and rudder were still deflected to the left, the airplane
started rolling and yawing to the left. The rolling was allowed to continue past wings
level to the left while the rudder deflection was maintained, without reason, because
the thrust yawing moment was already zero. The resulting sideslip must have in-
creased the rate of descent. The thrust reduction instantly decreased actual Vmca to a
much lower level, in any case below the actual indicated airspeed, because the airplane
responded to the still deflected ailerons and rudder to the left by rolling and yawing
to the left. An emergency gear-up landing followed 10 seconds later.

8.3.11. The pilot did not apply lateral and directional controls as would be required
for maintaining control after engine failure. This might be caused by inappropriate
engine-out training and incomplete engine emergency procedures that might not have
been in agreement with the way that airplanes are designed, and flight-tested by ex-
perimental test pilots and flight test engineers to determine the minimum control
speeds.

8.3.12. During the takeoff roll, the elevator data in Figure 39 shows that the pilot
slowly increased the elevator deflection while the airspeed increased. At airspeed Vr,
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the elevator was 8 degrees up, but the aircraft stayed on the ground. Then the elevator
was lowered a little while pitch increased. The aircraft was not positively rotated from
the runway using the elevator; a rather unusual takeoff technique that also increased
the drag during the takeoff run. Despite the increased elevator deflection, the aircraft
only took off when the airspeed was 125 knots, 22 knots higher than the presented
takeoff safety speed V- of 103 knots. It should be analyzed why this difference existed.
The landing gear was retracted 30 sec. after liftoff when the altitude was almost 500
ft; way too late and bad for climb performance, unless the AFM told otherwise.

8.3.13. It was not clear whether the autofeather system was armed and operating.
From the engine torque graph in Figure 39, it appears that the automatic power reserve
(APR) system was not armed or overridden either. Additional analysis is required.

8.3.14. Conclusions. This analysis and the conclusions are limited to controllability
issues following the failure of the engine.

8.3.15. The right engine #2 failed on rotation for liftoff. The torque of the operative
left engine #1 was then allowed to decrease to 80%. When the torque of engine #1
was again increased to 100%, both lateral and directional control were lost because of
too small aileron and rudder deflections against the acting rolling and yawing mo-
ments even while the airspeed was 24 kt higher than V. V; offered no takeoff safety,
because rudder deflection and bank angle were less than required for V, and Vmca to
be valid. Control was regained following the inadvertent shutdown of engine #1, the
left engine.

8.3.16. If the left engine no.1 had not been shut down inadvertently, the aircraft
would certainly not have survived the failure of engine #2 either. Control, both direc-
tional and lateral, was already lost at that time. Recovery at such a low altitude would
not have been possible.

8.3.17. Another conclusion should be that the pilots obviously were not aware of
how to control a multi-engine airplane after engine failure; they were not familiar with
the real value of Vmca and V; either. During the training in a simulator or in-flight,
the effects of an inoperative engine and the correct recovery techniques were obvi-
ously never taught correctly, i.e. in accordance with the way that airplanes are de-
signed and flight-tested.

8.3.18. Cause of the accident. The probable cause of the accident was the inappro-
priate crew response to the failure of engine #2 after takeoff, leading to the loss of
both lateral and directional control, loss of climb performance, the mis-identification
of the failed engine and subsequent shutdown of the operative engine #1.

8.3.19. Based on the investigation data presented above, the conclusion of this lim-
ited analysis on the controllability of the airplane after engine failure would have to
be that the pilot failed to counteract the rolling and yawing using adequate rudder and
aileron deflections. In addition, the pilot did neither attain and maintain a 5-degree
bank angle to the left (into the good engine) immediately following the failure of the
right engine for keeping actual Vmca low, nor when applying again maximum thrust
on the left engine for the actual Vmca to stay as low as possible and for the remaining
climb performance to be as high as possible.

8.3.20. If the other engine would not have been shut down inadvertently, the airplane
would certainly not have survived this engine failure either; control, both directional
and lateral, was already lost, because the pilot allowed the bank angle to increase into
the dead engine side way too much. Recovery at such a low altitude would not have
been possible.

8.3.21. Although the AFM was not available for review, the Vuca definition and
engine emergency procedures were most probably not in accordance with the way that
airplanes are designed and with the flight-test techniques used by experimental test
pilots during flights-tests for determining the minimum control speeds while an engine
is inoperative.

8.3.22. Contributing factors were the inappropriate execution of the takeoff proce-
dures as prescribed in the AFM (late rotation, not maintaining Vo, late gear retraction,

66

Copyright © 2005 — 2024, AvioConsult



Airplane Control and Analysis of Accidents after Engine Failure AvioConsult

too early (mis-)identification of the failed engine) and an obviously incomplete un-
derstanding of, or unfamiliarity with, the engine emergency procedure in the AFM
(no requirement to bank away from the failed engine).

8.3.23. Recommendations. The recommendations are limited to improving airplane
control after engine failure.

8.3.24. Review the definitions of Vmca and other takeoff speeds in AFM and other
operations manuals, and in the engine inoperative training manuals. Review in-flight
as well as in-classroom training for engine-out, and improve as necessary to be in
agreement with the way that airplanes are designed and flight-tested (as is the subject
of this report).

8.3.25. The engine emergency procedures should be reviewed and improved as nec-
essary by the type certificate holder.

8.4, Accident Saab SF-340B

8.4.1. Ten minutes after takeoff from runway 24, an oil pressure warning of the
right engine (#2) made the captain decide to return to the airport. He left the affected
engine #2 idling; its propeller was not-feathered. The wind was 270/ 11 kt when the
captain accepted landing runway 06. On short final, with an actual wind of 280/ 8 kt,
the airplane was displaced to the right. At 45 ft Radar Altitude, the captain therefore
decided to go-around using the thrust of the left engine only; the right engine was kept
idling. The airplane crashed 13 seconds later, far to the right of the runway.

8.4.2. In this report, the factual information that is presented in the formal Aircraft
Accident Report (ref. 18) was used, limited to the data that were required to analyze
the controllability of the airplane during the final phase of the flight. Refer to the for-
mal report for the other details.

8.4.3.  Analysis. Two of the Flight Data Recorder readout graphs that are included
in the formal Aircraft Accident Report contain the data that were used to perform this
Analysis. These plots were combined into Figure 40 below. In the text, event markers
(like @) are again used to link the text to the events in the figure. The interesting flight
phase for this analysis begins at 12:45:41, defined as event @.

8.4.4. Engine #2 was kept idling throughout the entire final phase of the flight; the
torque was approximately 10%. The propeller of this engine was not-feathered, caus-
ing additional drag that resulted in a yawing moment that enlarged the thrust yawing
moment of the operative left engine #1 (§ 7.7.11). For maintaining straight flight in
this condition at maximum thrust of engine #1, the side force generated by the vertical
tail (and rudder) would have to be larger by either increasing the rudder deflection or,
if the rudder deflection is already maximum, by increasing the airspeed. If the heading
cannot be maintained while the rudder deflection is less than maximum, the actual
Vmca is obviously higher than the current airspeed for that partial rudder deflection.
Actual Vmca is defined in § 2.5.3. This actual Vmca will be higher than the standard-
ized AFM-published Vmca (103 kt). The standardized Vmca was measured while the
propeller was feathered, provided the feathering system was automatic, and with max-
imum rudder deflection (§ 5.2.4).

8.4.5.  During final approach, at 12:45:41 (®), at a radar altitude of 110 ft and an
airspeed of 115 kt, 4 kt below the threshold speed for 20 degrees flaps (Vt+20), the
torque of engine #1 was increased from 40% to 65%. The increased propulsive lift of
the blown wing section (plus flaps) of the left wing behind the propeller caused the
airplane to bank from approximately wings level to 3 — 4 degrees to the right. As the
bank angle started to increase to the right, the pilot increased the aileron deflection to
the left, to approximately 20 degrees of maximum 24 degrees available, to counteract
the bank angle.

Since the aileron deflection was not maximum, the pilot obviously did not attempt to
attain a safe small favorable bank angle (3° to 5°) away from the inoperative engine
to keep the drag and actual Vmca as low as possible (8 4.3). The exact required favor-
able bank angle was not presented in the Aircraft Accident Report, most probably
because the manufacturer did not provide this number in the AFM. Rather than attain-
ing a safe bank angle away from the inoperative engine, a bank angle of 3 degrees was
maintained to the wrong, right side, into the dead engine for a few seconds, which
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must definitely have adversely affected (i.e. increased) the actual Vuca. At this time,
the airplane was still controllable about the longitudinal (roll) axis though, as shown
by the response to the aileron deflection in the bank angle plots.
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Figure 40. FDR data go-around accident Saab SF-340B while engine #2 idling.

8.4.6. The increased thrust of engine #1 also increased the yawing moment to the
right. The drag of the not-feathered propeller of the idling engine #2 continued to add
to this thrust yawing moment. The rudder deflection was increased by only 2 degrees
to 14 degrees of the available 30" degrees to the left, which was obviously not large
enough to counteract the yawing at the current airspeed, because the nose of the air-
plane started to yaw to the right while the torque reached (only) 65% (at 12:45:43,
Q).

The partial rudder deflection was not large enough to counteract the current asymmet-
rical thrust yawing moments. The airspeed was too low for the vertical tail with only
partial rudder to generate a high enough side force to counteract the yawing; the head-
ing could not be maintained, i.e. controlled anymore. This in fact means that the actual
Vwmca for the partial rudder, the current bank angle, thrust setting, propeller drag, etc.
at that time must have been higher than 115 KIAS. The airplane was already out of
(directional) control at 12:45:43 (@), two seconds after increasing the thrust, while
the IAS was 115 kt, still 12 kt above the AFM-published standardized Vmca.

The increase of the actual Vmca to a value higher than the AFM-published Vuca was
caused by the incorrect bank angle (into the idling engine, rather than into the opera-
tive engine), by the additional yawing moment caused by the drag of the not-feathered
propeller #2 and by the limited, partial rudder deflection as well.
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8.4.7. Inaddition, this yawing must have resulted in an increase of the sideslip (into
the left ear), causing a side force to the right that started displacing the airplane to the
right, away from the runway centerline. The tail wind (8 kt from 7 o'clock) will also
have contributed to this displacement. The localizer deviation graph shows the total
displacement (®). The sideslip increased the total drag of the airplane even more,
therewith reducing the remaining one-engine-inoperative climb performance.

8.4.8. Then, at 12:45:45 (®), the pilot slowly reduced the torque of the engine #1
to 40% (in 6 seconds). The propulsive lift of the left wing decreased instantaneously,
causing the bank angle to return towards wings level with the existing aileron deflec-
tion. The aileron deflection to the left was reduced, but then again increased to the
left, most probably because the pilot wanted to return to the runway centerline.

As the torque decreased below 53% (12:45:48) and the airspeed was still approxi-
mately 115 KIAS, the yawing (heading change) reversed (®), indicating that the yaw-
ing moment generated by the still small 15° rudder deflection to the left was then large
enough to counteract the decreasing yawing moments due to the asymmetrical thrust
and the drag of idling engine/ propeller #2. Since directional (yaw) control was
reestablished at this time (®), the actual Vmca had obviously decreased below the
IAS. This decrease was caused by both the bank angle change (from 3 degrees into
the wrong side to wings level) and the thrust reduction (initiated at @).

The airspeed reduction, as shown in the graph, was caused by the increased drag due
to sideslip, by increasing the pitch angle and by the thrust reduction, and not because
of lateral or directional control.

8.4.9. At 12:45:53, the airplane had, as shown by the localizer deviation graph (®),
apparently drifted so much to the right of the runway centerline that the pilot decided
to go-around. The airspeed at that time was 109 kt, 10 kt below V1uz0 but still 6 kt
above the AFM-published Vmca. The torque of engine #1 was increased from 40% to
98% in 7 seconds. The rudder deflection remained unchanged, approximately half-
way, 15 degrees, to the left. Due to the increase of the propulsive lift of the blown
wing section (plus flaps) behind propeller #1, the aircraft started to bank to the right
to which the pilot responded with full aileron deflection to the left (@). The bank
angle however, continuously increased slowly (3 degrees per second) to the right for
the remainder of the flight while the aileron deflection remained full left, apart from
a pulse to the right. This pulse is not visible in the right aileron graph and might be a
data glitch. Due to the low airspeed, the ailerons were no longer effective enough to
control the banking under the given thrust and drag asymmetry conditions, resulting
in the loss of lateral/ directional control (®) The actual Vmca must have increased to
a value higher than the indicated airspeed 107 kt.

8.4.10. After the engine torque increased above 67% (®), the half rudder deflection
to the left could not prevent the yawing from reversing to the right. The yaw rate
increased to approximately 4 degrees per second to the right, also for the remainder
of the flight. Directional control was then also lost while the airspeed was 105 kt and
while bank angle ¢ had increased to 8° to the right, into the dead engine, the wrong
side, and while the torque had only increased to 67%. At event @, about 7 seconds
prior to the impact with the ground, the rudder deflection finally was increased, with
some hesitation, to be fully deflected to the left at the instant of impact. However,
neither lateral nor directional control could be reestablished because of the sustained
asymmetrical thrust. The two-second discontinuity in the bank angle and airspeed data
as shown in the graph at 12:46:00 may have been caused by the increased rudder
deflection or by the aileron pulse to the right (from @). In any case, the full rudder
deflection came way too late.

8.4.11. Control was again lost at an airspeed higher than the AFM-published stand-
ardized Vmca, because the rudder deflection was not large enough to generate a large
enough yawing moment for counteracting the yawing moments caused by the engine
thrust and the drag of the not-feathered propeller. In addition, the banking to the right
resulted in an additional side force (W-sin ¢) to the wrong, right side that added to the
rudder generated side force that both ‘pulled' the airplane away from the runway. Equi-
librium of lateral forces and moments could not be achieved anymore. The bank angle
to the wrong side, the only partial rudder deflection and the not-feathered propeller
caused the actual Vmca to increase way above the 1AS, resulting in the loss of control,
and a catastrophe (§ 4.8).
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8.4.12. Conclusions. The propeller of the idling right engine #2 was not-feathered
and consequently caused high additional drag and a yawing moment that enlarged the
yawing moment generated by the operative left engine #1. Because of this increased
yawing moment, a higher airspeed than the AFM-published Vmca was required for
the vertical fin and rudder to be able to generate a high enough side force to counteract
the increased yawing moments and maintain control of the airplane during the final
phase of the flight. The rudder however, was not fully deflected. Therefore, the air-
speed required for generating a high enough rudder yawing moment was also higher.

8.4.13. The standardized Vmca that is published in the AFM was 103 KIAS and was
determined while the rudder deflection was maximal (travel or pedal force, § 5.2.4).
Other factors used to determine the AFM-published Vmca were a feathered propeller
(if automatic and armed) for lowest drag and a small constant bank angle (as opted by
the manufacturer, but max. 5 degrees) away from the inoperative engine. The actual
Vmca is almost always lower, safer, when the small bank angle is maintained. How-
ever, the actual Vmca, the Vmca that the pilot experiences in-flight, varies considera-
bly with bank angle and rudder deflection. Therefore, the AFM-published Vmca is
valid only if the bank angle is the same as the bank angle that was used during flight-
tests to determine Vmca, usually a small bank angle between 3° and 5° away from the
inoperative engine, as opted by the manufacturer, and with maximum rudder deflec-
tion (for zero yaw). The small bank angle is most probably not prescribed in the SF-
340B AFM as a requirement for maintaining control while an engine is inoperative,
the thrust setting of the operative engine is high and the airspeed low. This is regret-
tably not required by Aviation Regulations (yet). The higher required airspeed for the
rudder to develop a higher side force to overcome the drag of the not-feathered pro-
peller for maintaining control of the airplane was in fact a higher actual Vmca than
the standardized Vmca that was published in the AFM.

8.4.14. During the final phase of the flight, control was lost twice, both times at the
instant that the thrust of the left engine was increased, despite the fact that in both
cases the airspeed was higher than the AFM-published Vmca. Therefore, the pilots
might not have expected control problems and must have assumed the airspeed to be
safe, but in fact, it was not.

The first loss of directional control was at 12:45:43 (@), during the approach, but was
restored because the pilot (happened to) reduce(d) the thrust while maintaining the
existing control deflections.

8.4.15. The third loss of control, now directional, during the approach occurred fol-
lowing event @ at 12:45:56 and resulted in a catastrophe. Control of the airplane was
lost because the actual Vmca increased above the airspeed of 105 KIAS at that time.
The increase of actual Vimca was caused by:

e not attaining a small bank angle of 3 — 5 degrees away from the inoperative
engine, (just) before advancing the throttle. This small bank angle is re-
quired to keep the actual Vmca to the lowest possible value for the given
conditions and configuration and to minimize the sideslip, therewith mini-
mizing the drag and maximizing the remaining single-engine climb perfor-
mance. Due to not maintaining the small bank angle away from the inopera-
tive engine, the actual Vmca was higher than the AFM-published standard-
ized Vmca and in this case also higher than the indicated airspeed, causing
the loss of control. The AFM-published Vmca (103 KIAS in this case) is
valid only if the bank angle is the same as was used to determine Vmca, in
most cases 5 degrees away from the inoperative engine;

e not increasing the rudder deflection while increasing the thrust in order to
maintain the heading. The rudder yawing moment generated by only half
(50%) of the available rudder deflection, at the given airspeed, was not high
enough to prevent the airplane from yawing into the dead engine following
the thrust increase.

Although the indicated airspeed was still higher than the AFM-published
Vmca, the actual Vuca for the given 50% rudder deflection and the thrust
setting must have increased to a value higher than the indicated airspeed,
leading to the loss of control. The AFM-published standardized Vmca is

valid only if the rudder deflection is the same as used to determine Vmca,
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which usually is full rudder, or a deflection for which the pedal force is 150
Ib (180 Ib for military airplanes).

8.4.16. The actual Vmca could increase to a value higher than the AFM-published
standardized Vmca because the use of the controls by the pilots following the engine
failure was neither in agreement with the way that controls are used by experimental
flight-test crews during the flight-tests to determine Vmca (8 5.3), nor with the as-
sumptions that the design engineer used to calculate the required size of the vertical
tail and rudder (§ 2.4). However, the pilots are not to be blamed because the limita-
tions and conditions for the AFM-published Vmca to be valid are most often not pre-
sented in AFMs because there is no regulatory requirement for the manufacturer to do
s0. Nevertheless, manufacturers have their own responsibility, and usually have ade-
quately trained flight-test personnel to provide for the correct guidance and data that
are essential to maintaining control after engine failure with their airplanes.

8.4.17. The accident happened because the pilots were obviously not familiar with
the effects of an idling engine on the controllability of the airplane, not with the real
meaning of Vuca and not with the conditions under which the AFM-published stand-
ardized Vwca is valid either. The only aerodynamic control for counteracting a thrust
yawing moment is the rudder; this control was not appropriately used. As a result of
the inappropriate crew response to the propulsion system malfunction, the actual
Vmca was higher than the AFM-published Vmca and also higher than the indicated
airspeed, resulting in the loss of control. A contributing factor, if not the main cause
of the accident, is that US Federal Aviation Regulations and EU Certification Speci-
fications 23 and 25, or equivalent, do not require the manufacturer to present the con-
ditions under which the published Vmca is valid in the AFMs of their airplanes. Flight
schools do not teach these anymore, either. Writers of course books for the multi-
engine rating seem to have never heard of these. However, airplane design engineers
use them, as do experimental test pilots.

8.4.18. Recommendations. In addition to the recommendations that were already
presented in the Aircraft Accident Report (ref. 18), it is recommended to add a review
of the Airplane Flight and Performance Manuals to the investigations of all future
engine failure related accidents to ensure that engine-out procedures comply with the
applied design and flight-test procedures, in any case to verify that the bank angle,
thrust setting and control deflections are included for which the published Vmca is
valid.

8.4.19. Improve the definitions of Vmca in AFMs, by adding that the published Vmca
is valid only if the same bank angle is applied away from the inoperative engine that
was used to both design the vertical tail and determine Vuca (and that no turns should
be made as long as the airspeed is low and the thrust setting is high), and that the
rudder deflection is adequate to stop yawing. The other conditions that were used to
determine Vmca should also be included. Vmca is a minimum control speed for straight
flight only; the actual minimum control speed can be a lot higher if the other condi-
tions are not met.

8.4.20. Improve Aviation Regulations (FAR and CS 23.149 and 25.149) by adding
the requirement to list the bank angle that was used to design the vertical tail and
determine Vmca With the Viuca data in the AFM. Additional recommendations for
improvement of Regulations are presented in ref. 18.

8.4.21. Improve engine inoperative training to include flight while an engine is in-
operative at an airspeed for which full rudder and/ or aileron deflection is required, of
course only at a safe altitude (> 5,000 ft AGL).

8.5. Accident EMB-120ER

8.5.1. During the takeoff of an EMB-120ER twin-turboprop airplane for a revali-
dating command instrument rating, the training and checking captain retarded the left
power lever to zero torque just after liftoff. The propeller of the engine was not feath-
ered. The limited analysis below is again limited to airplane control, but also includes
remarks on the quotes out of the AFM that were included in the safety report, ref. 19.
Refer also to the YouTube video with this accident, ref. 3.
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Figure 41. FDR data EMB-120ER takeoff accident while engine #1 idling.

8.5.2.  Analysis. The power lever of engine #1 was retarded just after liftoff, event
@ in Figure 41. The torque of both engines for takeoff was set to approximately 93%,
as the FDR data in Figure 41 shows, for a reduced thrust takeoff. The idling propeller
resulted in additional drag and a yawing moment that enlarged the thrust yawing mo-
ment of the operative engine #2.

The 2° heading change to the right might be caused by the small bank angle change
just prior to the thrust decay, or by the torque effect. Then the airplane yawed 5° to
the left as a result of the asymmetrical thrust yawing moment of engine #2. The yaw-
ing stopped because the pilot responded adequately with 50% rudder to the right (@).
The pilot responded to the banking (®) with a roll control input to the right (@), after
which the airplane rolled back to wings level (®). The airspeed slowly decreased,
decreasing the side force generated by the vertical tail, so the pilot had to increase the
rudder deflection to 100% for maintaining the heading (as from @). The pilot returned
the roll control wheel back to near zero, right after the wings were level again (®), so
he obviously did not attempt to attain the favorable 5° bank angle away from the in-
operative engine #1 to keep the actual Vmca low and reduce the drag to minimum
(8 3.1.1); the banking started to increase again. At event ®, the pilot increased the
torque of engine #2 to 120%, but rather than maintaining the rudder at maximum de-
flection to counteract the increasing yawing moment, the pilot reduced the rudder to
30%, which caused the airplane to start yawing to the left. The increased thrust also
increased the propulsive lift of the wing section behind propeller #2 resulting in a roll
rate to the left (@), whereupon the pilot responded with varying, roll control inputs
between 20 and 70% in magnitude (®). These inputs however, were not large enough
to counteract the asymmetrical thrust rolling moment; the bank angle continued to
increase to the left with some variations due to the varying roll control inputs.

The pilot again increased the rudder input to full rudder to the right, after which the
yaw rate to the left slowed down a bit, but continued and could not be stopped any-
more by the rudder alone (®). At that instant, the airplane was out of directional con-
trol. The continuing yawing, despite of maximum opposite rudder deflection is typi-
cally for what an experimental test pilot observes during flight-tests to determine
Vmca When the airspeed decreases below Vuca (refer to § 5.3.3). The airspeed of
110 KIAS at that instant was however not the (standardized) Vmca of the airplane
(97 KIAS with flaps 15°), but the actual Vmca which was 13 kt higher because the
bank angle was not 5° away from the inoperative engine, but approximately 13° into
the inoperative engine (8§ 4.3). Shortly thereafter, the bank angle stabilized for a few
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seconds, but then continued to increase to the left (®@). The airplane was out of lateral
control as well, at an airspeed of 105 KIAS despite the increasing roll control input
up to 100% to the right. The rolling continued and the nose went down. The airplane
crashed, out of control.

8.5.3.  Before the torque was increased from 93% to 120%, the one engine out climb
was stable and controllable at an airspeed of 110 kt and a rate of climb of approxi-
mately 600 fpm at. It is difficult to say whether the aircraft would have continued the
flight safely without the thrust increase, but the FDR data shows that neither the pilot,
nor the checking captain was aware of the requirement to bank away from the inoper-
ative engine when the (asymmetrical) thrust is increased. The propeller of the idling
engine was not feathered, as was the case for determining the AFM-published stand-
ardized Vuca, so the actual Vica was for sure higher than the AFM-published Vmca;
a turn at low altitude would have led to control problems as well.

8.5.4. When throttle #1 was retarded to simulate an engine failure, the airspeed had
already increased to V2. V2 is to provide a safety margin of at least 10% above the
standardized AFM-published Vmca and 13% above Vs (§ 6.5.2). While the pitch angle
was near constant, the airspeed slowly decreased to 107 KIAS, into the 10% safety
margin above Vuca (97 kt + 10% = 107 kt) when directional control was lost (®). As
discussed above, the actual Vmca was higher because the 5° favorable bank angle was
not attained and maintained. Therefore, the actual V> should have been equal to or
higher than 1.10 x actual Vmca = 120 kt, because a bank angle of 5° was not attained
and maintained away from the inoperative engine. The V; of 113 kt that was used was
obviously not a safe takeoff speed for the way the airplane was controlled during this
simulated engine failure, refer to § 6.5. It could not be determined whether the V> used
was Vamin Or Vg + a speed increment as determined in FAR/ CS 25.107 (c) (8 6.5.2).

8.5.5. Manual review. The safety report presents a number of quotes out of the
EMB-120 Flight Operations Manuals. A few comments on these will be presented in
the next paragraphs. The page numbers refer to pages in the Safety Report, ref. 19.

8.5.6. Page 4. "The AFM procedure required that airspeed be maintained at V;
(PIC’s notes — V, +10)". In accordance with FAR/ CS 25.149, Vowmin is the higher of
1.1 Vmca (107 kt) or 1,13 Vs (8 6.5). V2 may not be less than Vowin and Vg plus the
speed increment attained before reaching 35 ft above the runway level. V2 might be
right and safe for engine failures during normal operations, when the propeller of the
failing engine is automatically feathered, but not for training an engine failure when
the torque is reduced to zero without feathering the propeller. That might be the reason
that the Pilot in Command (PIC) noted V; + 10. For this flight, V> would then have
been 113 + 10 = 123 kt, which would have been a safer airspeed. The PIC should also
have added in his notes: bank 5° away from the inoperative engine, to keep the actual
Vwmca close to the standardized Vmca that is published in the AFM. It is recommended
to review the AFM for this bank angle limitation.

8.5.7.  "The operator’s procedures allowed for up to 110% torque on the operating
engine, if required.” FDR data shows that the torque can be increased to 120% by
moving the power levers forward. What would be the reason for the operator to allow
a torque of up to only 110%? To preserve engine life? Was the AFM-published Vuca
indeed determined using 120% torque, or were the engines more powerful than the
engines that were installed during certification, which is sometimes the reason for a
Vwmca (and V>) increment or a power decrement, if the size of the vertical tail is not
increased? The Vmca that is published in the AFM must be based on the maximum
power level that the pilot can set using the power levers; a procedural reduction, i.e.
an allowance up to a thrust level that is lower than the maximum settable is dangerous
and illegal (8 4.7).

8.5.8. Page 15. According to the AFM, the take-off and maximum continuous
power setting for a PW118A that was derated to a PW118 was 97% torque. When the
derated procedure was used, a caution in the AFM stated:

IN THE EVENT OF ENGINE FAILURE ABOVE V1, THE TAKEOFF
POWER SETTING ON THE OPERATING ENGINE MUST NOT BE
CHANGED.
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This statement is worrying. It seems that the engines were indeed replaced with more
powerful engines, while the Vica and takeoff speed data in the AFM were not revised
for the higher thrust. More powerful engines result in a higher Vmca, and consequently
in higher takeoff speeds, if the vertical tail and rudder are not enlarged as well. Engi-
neers should de-rate engines that are more powerful, at the time of installation, to
ensure that the maximum thrust yawing moment that an engine generates does not
increase above the aerodynamic yawing moment that the control surfaces of the air-
plane were designed to generate. If true, this statement should not have been approved
by the authorities, because it results (in this case resulted) in accidents after engine
failure (8 4.7).

8.5.9. Page 21. "The airborne minimum control speed, Vmca was defined in the
EMB-120 Flight Operations Manual as "...the minimum flight speed at which the air-
craft is controllable with a maximum 5° bank [toward the operative engine] when one
engine [critical engine] suddenly becomes inoperative with the remaining engine op-
erating at takeoff power. The value presented represents the most critical combination
of power, weight, and center of gravity. In aircraft with auto-feathering, Vmca is cal-
culated with a feathered propeller." Please refer § 7.3 where a similar inappropriate
definition is discussed. The value does not only represent the most critical combina-
tion of power, weight, and center of gravity, but also the use of maximum rudder and
a bank angle of 5° away from the inoperative engine. These even more critical param-
eters should have been included in the definition of Vmca and with the Viuca (and V)
data in the EMB-120 Flight Operations Manual.

8.5.10. Page 35. In the EMB-120 AFM procedure for a takeoff with engine failure
above Vi and with 15° flaps, the following step is presented.

e Retract flaps at V2 + 20 KIAS at the level off height and accelerate to final
segment speed or, if a close-in turn is performed, maintain the takeoff flaps
and the airspeed at V, with a maximum bank of 15 deg.

The last part of this procedure step suggests that it is safe to bank 15° to either side
while the airspeed is V2. As was explained in this report, banking away from the fa-
vorable bank angle, in this case 5° away from the inoperative engine #1, increases the
actual Vmca above the standardized Vwca that is published in the AFM (8 4.3), see
also § 8.5.4 above. Bank angles of 15° at V- are not safe if any or all of the variables
that have influence on Viuca happen to be at their worst-case values (§ 4).

8.5.11. Page 35. "The manufacturer reported that the only cockpit action required
by the crew from rotation (takeoff) to the level-off height was to retract the landing
gear, an action normally performed on all takeoffs. The manufacturer’s intent was
that, when the aircraft was accelerated at the level-off height, take-off power could be
readjusted if necessary.

The aircraft manufacturer advised that the procedure conformed to US Federal Avi-
ation Regulation Part 25 section 25.111(c)(4), which stated:

e The airplane configuration may not be changed, except for gear retraction
and automatic propeller feathering, and no change in power or thrust that
requires action by the pilot may be made until the airplane is 400 feet above
the takeoff surface."

This procedure is out of FAR 25.111(c)4, which is for the certification of airplanes,
not for operational use. During certification, the manufacturer has to prove that the
airplane meets the climb (angle) requirements after engine failure without changing
the configuration and the power or thrust. Does the manufacturer really mean that the
power handles may not be advanced if the pilot notices that the airplane does not climb
after liftoff (due to an accidental incorrect takeoff configuration, ice build-up, etc.)?
Does the manufacturer really want the pilot to crash, rather than allowing advancing
the throttles? This is a serious misinterpretation of an Aviation Regulation. Of course,
the power may be increased below 400 ft, but the pilot should be made aware that,
after engine failure, he needs to increase the rudder deflection and bank 5° away from
the inoperative engine during the thrust increase, and make no turns until reaching a
safe altitude (higher than 400 ft). Experimental test pilots safely perform this power
increase and do not crash; airline pilots should be trained and capable of performing
this as well.
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8.5.12. In respect of aircraft configuration changes during the simulation of one en-
gine inoperative flight, section 25.111(c)(4) of US Federal Aviation Administration
Advisory Circular AC 25-7C titled Flight Test Guide for Certification of Transport
Category Airplanes explained that:

(i) The intent of this requirement is to permit only those crew actions
that are conducted routinely to be used in establishing the one-engine-inop-
erative takeoff path. The power levers may only be adjusted early during the
takeoff roll, as discussed in paragraph 12b(2), and then left fixed until at
least 400 ft above the takeoff surface.

(ii) Simulation studies and accident investigations have shown that
when heavy workload occurs in the cockpit, as with an engine failure during
takeoff, the crew might not advance the operative engines to avoid the
ground, even if they know the operative engines have been set at reduced
power. This same finding applies to manually feathering a propeller. The
landing gear may be retracted, however, as this is accomplished routinely
once a positive rate of climb is observed. This also establishes the delay time
to be used for data expansion purposes.

Advisory Circular 25-7C is the Flight Test Guide for the Certification of Transport
Category Airplanes, and is intended to be used by experimental test pilots and flight
test engineers. This Advisory Circular is not to be used for writing operational proce-
dures for use by airline pilots, as also stated in the previous paragraph. People whose
expertise is not experimental flight-testing are obviously misinterpreting these Regu-
lations that are not intended to be used by them.

8.5.13. Page 36. "Procedures in the operator’s Training and Checking Policy Manual
for simulating engine failures during takeoff in EMB-120 aircraft complied with the
guidelines set down in CAAP 5.23-1(1) and were approved by CASA. The technique
that was taught to the PIC followed those procedures and used a zero thrust power
setting for simulation of an engine failure with propeller auto-feathering. The opera-
tor’s Training and Checking Policy Manual gave direction to training and checking
pilots for when and how the simulation of an engine failure was to be conducted. At
the time of the accident Section 5.26 of that manual, titled Simulation of engine fail-
ures, stated:

The following are basic Company requirements for simulation of engine
failure. Refer to the Manufacturer’s Operations Manual or the Company
Training Manual for the aircraft type for more detailed instructions.

Turbo-prop engine failure shall be simulated by smoothly and slowly setting
zero thrust."”

The procedure in the last line might have caused confusion. Setting zero thrust sounds
like setting zero torque. For training, it is required to set zero drag, i.e. set torque for
zero thrust/ drag. During operations, captains sometimes decide to leave an engine
idling (asymmetrical), which happened prior to the accident with a Saab SF-340B that
was discussed in § 8.4. Recommended is to add a red radial line on the torque indica-
tors at the torque setting for zero drag, just like at airspeed indicators of Part 23 air-
planes to indicate Vmca (Figure 36 on page 55).

Zero thrust should be set smoothly and slowly. The training obviously is not aimed at
demonstrating the dynamic response to a sudden engine failure and the dynamic Vmca
(8 5.4), but rather the static Vimca (8 5.3).

8.5.14. Page 54. "Vmca was defined in the EMB-120 Flight Operations Manual as:

...the minimum flight speed at which the aircraft is controllable with a max-
imum 5° bank [toward the operative engine] when one engine [critical en-
gine] suddenly becomes inoperative with the remaining engine operating at
takeoff power. The value presented represents the most critical combination
of power, weight, and centre of gravity. In aircraft with auto-feathering,
Vwmca is calculated with a feathered propeller.”

As discussed in § 7.3, a Viuca definition like this one is definitely inappropriate. At
Vmca, the airplane is not controllable (if the variables that have influence on Vmca
are at their worst-case values, § 5.2.4). By airplane design and flight-test definition,
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Vmca is the minimum flight speed at which the aircraft can only maintain straight
flight, provided a bank angle of exactly 5° is being maintained into the good engine
and the rudder is, and/ or the ailerons are, fully deflected or up to a maximum force
limit (8 2.7.4). Hence, Vmca is not for a maximum 5° bank, but for exactly 5° bank
toward the operative engine for this airplane, whether the engine is critical or not and
fails suddenly, or while the thrust is slowly decaying. The value presented not only
represents the most critical combination of power, weight, and center of gravity, but
also includes the use of maximum rudder (and/ or ailerons) and a bank angle of 5° that
is maintained into the good engine. In the most critical combination of the EMB def-
inition of Viuca, the weight and center of gravity are not changing during, and follow-
ing an engine failure. Asymmetrical power, rudder deflection and bank angle do
change, are under direct control of the pilot and have a much larger influence on Vuca
and hence, are more critical to airplane control than weight and center of gravity (8 4).

8.5.15. Conclusions. The AFM-presented Vmca and V-, data might not have been
valid for the airplane equipped with PW118A engines, but only for PW118 engines.
The AFM-published Vmca and V, data were too low for engines that are more pow-
erful and were too low for maintaining control after engine failure. This accident
proved that takeoff safety speed V, was indeed not a safe takeoff speed after engine
failure, and that the conditions that apply with V2 (and Vmca) were not observed/ ap-
plied. It also became clear that the engine failure procedures of the airplane manufac-
turer and/or the operator are far from safe for handling engine failures during takeoff,
because they are not in accordance with the limitations and conditions that are applied
for designing and flight-testing multi-engine airplanes. The control limitations and
conditions that both the design engineers and the experimental flight-test crews used
to design the vertical tail and conduct engine-out flight-testing were not included ap-
propriately in the engine failure procedures and flight-crew training.

8.5.16. The simulated failed engine was set to zero torque, rather than to the torque
setting for zero drag for not enlarging the yawing moment of the remaining engine to
a value higher than for the engine failure alone. This zero-torque setting increased the
actual Vmca to a value higher than the standardized Vuca in the AFM. In addition, the
pilot did not attain and maintain the favorable bank angle of 5° away from the inop-
erative engine during increasing the torque to maximum, which increased the actual
Vmca even further.

8.5.17. Both the pilot in command and the pilot under check did not understand the
real meaning of Vuca. No blame, their manuals and training were not right.

8.5.18. Cause of the accident. The probable causes of the accident were the inap-
propriate V-, data and the inappropriate crew response to the simulated engine failure
and inappropriate Vuca definition and engine failure procedures in the AFM. The
initial slow heading change might not have been interpreted as an (approaching) loss
of control, because manuals only write about a sudden failure. As for most accidents
after a propulsion system malfunction, the pilots are not to be blamed. The engine
failure procedures issued by the manufacturer, and/ or operator were obviously inap-
propriate, as was the pilot training for airplane control after engine failure. Procedures
and training are the responsibility of the manufacturer, the operator, and the airworthi-
ness authorities.

8.5.19. Contributing factors might have been the incorrect and incomplete Vuca and
V; data in the AFM (which were for a less powerful engine) and the setting of zero
torque, rather than zero drag (or zero thrust) on the simulated failed engine.

9. ANALYZING NON-FDR-EQUIPPED AIRPLANE ACCIDENT DATA

9.1. While analyzing non-FDR equipped airplane accidents, investigators have to
rely on pilot and/ or witness reports with information of aircraft motions, engine
noises, ground radar plots and on the results of the investigation of the wreckage and
impact information, like engine controls and operation, propeller feathering and bend-
ing, instrument data and switch positions, etc. For this report it is assumed that already
was determined that a failure occurred in the propulsion system and that the control-
lability needs to be analyzed. Two cases are presented of which only limited data were

76

Copyright © 2005 — 2024, AvioConsult



Airplane Control and Analysis of Accidents after Engine Failure AvioConsult

available, though enough to draw conclusions on the controllability after engine fail-
ure.

9.2. Accident Piper PA-31 Navajo

9.2.1. Shortly after takeoff, the left engine (#1) of this small twin-engine airplane
quit operating for unknown reasons. The pilot feathered the propeller and returned to
the airport for landing. During the turn from downwind to base leg, control was lost
and the airplane crashed (ref. 20). The analysis below is also limited to airplane con-
trol.

9.2.2. During the turn at an altitude of approximately 200 ft AGL, witnesses re-
ported hearing very loud engine noise and observed the left propeller to be stationary.
The pilot might have increased the asymmetrical engine thrust to maximum for main-
taining the required approach path. The airspeed must have been close to or at the
final approach speed, which is not much higher than the standardized AFM-published
Vmca. During the final turn, which was into the dead engine, while the power of the
other engine was high, the actual Vmca that the pilot experienced in-flight must have
been much higher than the standardized AFM-published Vmca, as was explained in
8§ 4.3 above and summarized in the next paragraph.

9.2.3.  If the thrust of the operative engine is not maximal during a turn, the thrust
yawing moment, and there with the required rudder deflection to counteract that thrust
yawing moment, are not maximal, hence, actual Vmca remains low and no control
problems will occur. However, if the thrust of the remaining engine was high, or was
increased during the turn to final approach for maintaining the required approach path,
a larger rudder deflection was required to counteract the increased thrust yawing mo-
ment for maintaining directional control at the given airspeed. At low altitude, the
airspeed cannot easily be increased, so increasing the rudder deflection is the only
way to counteract the increase of the thrust yawing moment.

9.2.4. The bank angle to the left during the final turn caused a side force (W-sin ¢)
to the left that added to the side force generated by the rudder that was required to
counteract the engine thrust yawing moment (8 2.10 on page 20). The sum of the side
forces to the low wing side was now increased; the airplane started a sideward accel-
eration to the left that increased until the resulting sideslip would generate a side force
to the right would be large enough to balance the side forces acting on the airplane.
This sideslip cannot be avoided while banking into the inoperative engine, but only
by rolling the airplane to a bank angle of 5° away from the inoperative engine (8 2.4.7
above). The unavoidable sideslip during the increasing banking into the dead engine
for the final turn, generated high drag that, on an airplane type like the PA-31, cannot
be overcome by attaining and maintaining maximum asymmetrical thrust; a sure rate
of descent cannot be avoided either.

In addition, the ailerons might also already have lost adequate control power to over-
come the propulsive lift of engine #2 due to the decreased airspeed. The pilot must
have been unable to roll the airplane back to wings level. Directional control was lost
and, most probably, lateral control as well.

The actual Vmca must, in this case, have increased to a value much higher than the
standardized AFM-published Vmca, which was the consequence of not maintaining a
small (5°) bank angle away from the inoperative engine while the power setting was
high or increased to maximum thrust. This increase of actual Vuca above the indicated
airspeed must have led to an uncontrollable airplane instantaneously. A recovery at
the low final turn altitude and while maintaining a high power setting on the opposite
engine was not, and will never be, survivable.

9.2.5. The airspeed indicator of this Part 23 airplane must have presented a red ra-
dial line indicating Vmca (i.aw. FAR 23.1545). The pilot will have maintained an
airspeed higher than this redlined Vmca. However, his multi-engine rating training,
the airplane manuals and the placards on the instrument panel most probably never
made him aware that the redlined Vmca is valid only if the bank angle is the same as
was used to design the vertical tail and to determine Vmca, i.e. during straight flight
when the thrust is high (§ 4.3.11). A manufacturer may select a fixed bank angle of
maximum 5 degrees (away from the failed engine) to calculate the required size of the
vertical tail and to determine (the redlined) Vmca, but there is no requirement to pub-
lish the actual bank angle used for the redlined Vmca to be valid with the Vmca in the
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AFM (yet). Five degrees away from the failed engine will always be safe, though,
although the drag might not be minimal (§ 2.4.6).

If indeed the power of the operative engine was high or was increased during the final
turn, the actual Vmca will have increased above the actual indicated airspeed, after
which control could not be maintained. The vertical tail was not designed large enough
to maintain control during turns at this airspeed while an engine is inoperative.

9.2.6. Manual review. A flight or operating manual was not available for review.
The aviation occurrence report (ref. 20 did not contain any manual information suita-
ble for review, except that some actions out of the emergency procedures were in-
cluded in the report, in which no reference was made to the required bank angle for
maintaining a positive rate of climb and for the validity of the AFM-published Vuca.

9.2.7. Cause of the accident. The accident might have happened because during
the final turn the power was either high, or was increased to maintain the approach
path. These conditions increased the actual Vmca to a value much higher than the
standardized AFM-published and redlined Vmca on the airspeed indicator, and higher
than the indicated airspeed. Loss of control became unavoidable. Under these circum-
stances, control can only be regained by quickly increasing the speed or, if the altitude
is low, by decreasing the power of the operative engine temporarily just a little bit to
decrease the yawing moment, after which actual Vmca will decrease as well and con-
trol might be regained. Power can be increased again as soon as straight flight with a
bank angle of 5 degrees away from the inoperative engine is established. As was
shown in the accident analysis using FDR data in § 8.3, the thrust needed to be reduced
to 80% for the controls to become effective again (8§ 8.3.10).

9.2.8. The pilotis not to be held responsible though; AFMs, student pilot textbooks
and flight schools do not warn pilots for this (actual) Vuca increase. There are no
warnings to avoid turns when the asymmetrical power setting is high and the airspeed
low. The loss of control after engine failure or while an engine is inoperative is a long
forgotten but still very actual and life-threatening '‘phenomenon'. Nevertheless, all ex-
perimental test pilots and flight-test engineers, who are trained at one of the formal
Test Pilot Schools, know about this, because it is observed every time they determine
the Vmca of a multi-engine airplane during experimental flight-testing (refs 3, 5, 6,
10, 11, 12; see also § 5.3 above).

9.2.9. Recommendations. Improve training and operations by improving text-
books, training programs and AFMs by adding the following. The Vmca that is pub-
lished in the AFM and that is redlined on the airspeed indicator is a standardized Vmca
that is valid, and provides safety only during straight flight while maintaining a bank
angle of 5 degrees away from the inoperative engine. When an engine fails during
takeoff, maintain straight flight while immediately attaining the small 5-degree bank
angle away from the inoperative engine until reaching an altitude at which the power
can be reduced a little for making safe turns. During the turns, some altitude will be
lost because of the increase of drag, but control will be maintained.

When an engine is inoperative, avoid high thrust settings during turns while the air-
speed is low. Plan ahead if an engine-out landing becomes necessary; it is much safer
to perform a long straight in approach. If an increase of (asymmetrical) engine thrust
is required for maintaining the approach path, it is easier and much safer to first attain
a small bank angle and only then increase the asymmetrical thrust while maintaining
a straight flight path.

9.2.10. A recommendation should also be that FAR/ CS 23 should be amended to
require manufacturers to publish in AFMs the bank angle for which the published
Vmca is valid, and to amend engine emergency procedures to include the bank angle
requirement during high asymmetric thrust settings.

9.3. Accident Mitsubishi MU-2B-60

9.3.1.  Shortly after takeoff, the left engine (#1) failed. The pilot returned for landing
via a left-hand circuit; the left propeller was feathered. The airplane did overshoot the
final approach of runway 35R and was cleared to the next runway 28. A witness heard
an aggressive throttle; the airplane made an immediate sharp bank to the left and de-
scended to the ground. The landing lights were then seen turning down toward the
terrain. The airplane crashed; the two souls onboard were fatally injured, ref. 21.
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9.3.2. Obviously, a (partial) go-around was initiated to reach the next runway for
which the (asymmetrical) power setting had to be increased. Furthermore, a turn to
the left, into the dead engine, was required to approach runway 28. These must have
been the ingredients for the loss of control, due to the increase of asymmetrical thrust
at low speed causing the increase of the actual Vmca above the indicated airspeed of
the airplane, and the loss of performance. The thrust yawing moment generated by
engine #2 needed to be counteracted by a rudder deflection to the right. The side force
generated by the rudder also results in a sideward acceleration to the left that normally
should be compensated by a small bank angle away from the failed engine, in this
case to the right. If this bank angle was not attained and maintained, the rudder gen-
erated side force, enlarged by side force W-sin ¢, caused a sideslip to the left that
increased until side force due to sideslip was equal to side force W-sin ¢ (§ 2.10
above). This sideslip increased the drag and reduced the remaining one engine inop-
erative climb performance or resulted in a rate of descent.

9.3.3.  One of the steps in the engine emergency procedures was:

Power Lever (Operating Engine) - Set as Required to Maintain Airspeed and
Desired Flight Path.

The recommended airspeed (flaps up) was Vyse =140 KCAS, with flaps 5° Vs =130
KCAS and when landing is assured with flaps 20°, Vs = 125 KCAS and 110 KCAS
when over the runway. Vmca was published as 99 KCAS.

No warning was presented to attain and maintain a small bank angle away from the
inoperative engine as the asymmetrical power is increased, to keep the actual Vmca
low. An increase of power increases the thrust yawing moment Nt and increases the
requirement for rudder input to counteract the yawing to be able to maintain the head-
ing. The lower the airspeed, the larger rudder deflection is required. Rudder deflection
also causes in a sideward acceleration to develop. A small bank angle of 5° (as deter-
mined by the manufacturer) away from the inoperative engine can be used to reduce
the resulting sideward acceleration and sideslip and therewith to reduce the drag and
maximize takeoff or go-around performance (8§ 4.3). A small bank angle of 5° away
from the inoperative engine not only decreases the drag, but also decreases the actual
Vwmca. If the small bank angle is being maintained while the power setting is maximal
and the rudder is deflected to stop or prevent yawing, the actual Vmca will never be
higher than the standardized Vmca that is published in the AFM. These are the most
important conditions under which the vertical tail was designed and the standardized
Vwmca Was determined. However, if the small bank angle is not maintained and the
rudder is not deflected to prevent yawing, the actual Vmca can easily increase above
the indicated airspeed; the resulting sideslip increases the drag considerably. Then the
airplane is out of control and turns and slips into the direction of the inoperative engine
in a descending flight path.

9.3.4. Conclusion. Control was lost because the favorable 5-degree bank angle
away from the inoperative engine was not attained and maintained while increasing
the asymmetrical power for the go-around; the actual Vmca must have increased
above the indicated airspeed resulting in the sharp bank to the left, the loss of control
and the crash.

9.3.5. Cause of the accident. The cause of the accident was the pilot's failure to
maintain a small bank angle (max. 5 degrees) away from the inoperative engine while
the power setting was increased or was high and the airspeed was low. The AFM-
published Vmca was 99 KCAS, but the actual Vmca varies with bank angle at high
asymmetrical power settings. If maximum thrust is set on the operative engine while
the bank angle differs from the bank angle used to determine Vwmca, then the actual
Vwmca might have increased to a higher value, even above the indicated airspeed after
which control was lost. In addition, the increased airflow over the wing behind the
operative propeller (propulsive lift) caused a rolling moment into the dead engine.
Control could not be regained because of the low altitude and the high asymmetrical
power setting. The one engine inoperative performance deteriorated because the drag
increased due to not maintaining the favorable bank angle.

9.3.6. The pilot however, is not to be blamed. This accident was also caused by an
incomplete and deficient engine emergency procedure, by inadequate pilot training on
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the subject of engine failures, and by imperfections and errors in FAR's and other
regulatory publications.

9.4, Accident DHC-6-100 Twin Otter

9.4.1. A De Havilland DHC-6-100 airplane, crashed into trees and terrain after
takeoff. Witnesses at the airport reported that, shortly after the airplane lifted off from
the runway, flames emitted from the airplane’s right engine.

Data below are copied from the NTSB Aircraft Accident Summary Report, ref. 22.
This report limits itself to analyzing the controllability after engine failure.

9.4.2.  According to photographic evidence provided by a witness, the pilot taxied
the airplane onto runway 24 from the intersecting taxiway, which is about 1,700 feet
from the runway’s west end, and began a takeoff roll to the west from that location,
rather than using the runway’s entire 4,500-foot length. Photographic evidence de-
picting the airport windsock showed that the airplane departed into a moderate head-
wind. Witnesses at the airport reported seeing the airplane take off and climb to about
treetop height. Several witnesses reported hearing a “poof” or “bang” noise and seeing
flames and smoke coming from the right engine. One witness reported that, after the
noise and the emergence of flames, the right propeller was “just barely turning.” Pho-
tographic evidence showed that, at one point after the flames occurred, the airplane
was about one wingspan (about 65 feet) above the runway. One witness estimated that
the airplane climbed to about 150 feet.

9.4.3. As a photograph in the accident investigation report (ref. 22) illustrates, the
airplane’s rudder was not deflected and its wings were not banked toward the opera-
tive engine (as required by procedure, see § 9.4.20 below), but were rather a few de-
grees toward the failing engine. Witnesses’ descriptions of the flight indicated that the
pilot allowed the airplane to drift to the right (toward the inoperative engine) before it
nose-dived into the ground.

9.4.4. Witnesses reported that the airplane lost some altitude, regained it, and then
continued to fly low above the treetops before turning to the right and disappearing
from their view behind the tree line. Another witness in the backyard of a residence
northwest of the airport reported that she saw the airplane flying straight and level but
very low over the trees before it dived nose first to the ground.

The airplane impacted trees and terrain and came to rest vertically, nose down against
a tree behind a residence about %2 mile northwest of the end of runway 24. A sketch
of the runway and accident site is presented in Figure 42 below.

Accident site

N
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Figure 42. Accident site Twin Otter and takeoff runway 24.

9.4.5. The airplane was powered by two Pratt & Whitney Canada PT6A-20, 550-
horsepower engines equipped with three-bladed, single-acting, hydraulically oper-
ated, constant-speed, reversible Hartzell propellers with feathering capabilities. Ex-
amination of the wreckage, including both engines and propellers, revealed that the
right engine’s compressor turbine disk was intact but that its attached blades were
fractured; the damage observed within the engine resulted in the loss of engine power.
No evidence of any other pre-impact conditions that would interfere with normal op-
erations was found during examinations of the airplane, engines, propellers, and com-
ponents.

9.4.6. The report does not present data of airplane weight and location of the center
of gravity. According to a performance assessment provided by the airplane’s current
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type-certificate holder, given the weather conditions at the time of the accident, airport
altitude and calculated weight for the accident airplane, the airplane should have been
capable of a positive single-engine climb rate of about 300 feet per minute if the pilot
had configured the airplane properly according to the published procedures by feath-
ering the propeller on the failed engine and attaining the recommended airspeed.

9.4.7. Although the accident airplane was equipped with a propeller autofeather
system designed to automatically feather the propeller of an underpowered engine,
the system was deactivated. With the system deactivated, the pilot would need to man-
ually position the propeller-control lever of the failed engine to the “feather” position
to feather the propeller blades. Because of the impact damage to the cockpit propeller-
lever controls, it was not possible to determine their pre-impact positions. However,
post-accident examination of the right propeller assembly revealed that the blades
were at high angles at impact, which is consistent with a feather or near-feather con-
dition.

9.4.8. The airplane was originally certificated without an autofeather system. The
airplane’s published emergency procedures, which were available to the pilot in the
cockpit, correctly indicated the procedure for feathering the propeller without the au-
tofeather system. The accident airplane was modified with a propeller autofeather sys-
tem, which, according to the airplane’s AFM, is designed to “automatically feather
the propeller of an underpowered engine when a decrease in torque to 13 [to] 11
[pounds per square inch] is detected. However, the autofeather system had been inop-
erative since the operator acquired the airplane 5 years earlier, and its deactivated
status was placarded “DEACTIVATED?” in the cockpit; therefore, the pilot was likely
aware of the discrepancy.

9.4.9. Analysis. This analysis is limited to the controllability aspects. Please refer
to the accident investigation report, ref. 22, for technical aspects.

9.4.10. From the picture in the accident investigation report, it became clear that at
the instant the picture was taken, the rudder was not deflected and the bank angle was
not into the good engine, as the engine emergency procedure describes, but rather a
few degrees to the wrong side, while flames were visible. This could also mean that
the dynamic effects of the engine failure were yet to begin and that the engine thrust
was not decreasing yet.

9.4.11. If rudder control is not applied while the thrust of a failing engine is decreas-
ing, the asymmetrical thrust results in an increasing yawing about the center of gravity
until the yawing moment due to sideslip (weathercock) equals the asymmetrical thrust
moment. The result is a sideslip to the left, with the 'wind in the left ear'. Sideslip
means drag which might prevent the airplane from accelerating to or maintaining the
required climb speed; the rate of climb decreases. As long as the propeller of the failed
engine was not yet manually feathered, the total thrust yawing moment, and therewith
also the sideslip, was higher; manual feathering takes time. In the meantime, the side
force due to sideslip must already have started to displace the airplane to the right.
Witnesses’ descriptions of the flight indicated that the pilot allowed the airplane to
drift to the right before it nose-dived into the ground.

9.4.12. Rudder deflection is required to establish an improved, more favorable bal-
ance of forces. Rudder deflection decreases the sideslip, but then the drag will not be
as low as possible. Lowest drag can be achieved only when the bank angle is 5 degrees
away from the inoperative engine, or the number of degrees determined by the man-
ufacturer (§ 4.3).

9.4.13. The pilot must have noticed the increasing heading away from the runway
heading and must have deflected the rudder to the left, while trying to keep the wings
level. Nevertheless, the airplane seemed not to have responded to these control inputs,
which would be the case if the airplane was already out of directional control, because
the actual Vmca increased above the indicated airspeed (or the indicated airspeed de-
creased below the actual Vmca). The actual Viuca was higher than the AFM-published
Vmca, because the bank angle was not maintained 5 degrees away from the inoperative
engine and the rudder might not have been fully deflected while the thrust on the
operative engine was high (8 4.3, § 4.8).
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9.4.14. If the heading after engine failure cannot be maintained, i.e. the rudder does
not have the authority to maintain directional control, then the actual Vmca of the
airplane increased above the indicated airspeed. Typical for this type of loss of control
is that the heading increases despite opposite rudder input. If the rudder deflection is
less than maximum or zero, the actual Vmca of the airplane is higher than the stand-
ardized Vmca published in the AFM and placarded in the cockpit (8 4.8).

9.4.15. From the location of the accident site, to the right of the extended runway
centerline (Figure 42), it is obvious that straight flight after engine failure was or could
not be maintained. Directional control must have been lost already shortly after engine
failure.

9.4.16. The ailerons should normally be capable of providing adequate lateral con-
trol, unless the rolling moment due to propulsive lift (of the wing section behind the
operative propeller) is higher than the aileron control power for the given airspeed.
Then lateral control is also lost.

9.4.17. As was included in the accident report, witnesses’ descriptions of the flight
indicated that the pilot allowed the airplane to drift to the right (toward the inoperative
engine) before it nose-dived into the ground. If the bank angle is not maintained at 5
degrees away from the inoperative engine (in this case to the left), a sideslip to the
right cannot be avoided. If, in addition, a bank angle is allowed toward the inoperative
engine, the side force due to bank angle and weight (W-sin ¢) increases the sideslip
even more. If the sideslip angle increases above the (horizontal) stall angle of attack
of the vertical tail with rudder, the vertical tail will stall (Figure 7). If this happens,
the yawing moment that was balancing the asymmetrical thrust yawing moment no
longer exists, whereupon the nose of the airplane starts turning to the right, toward the
ground, because the drag increases considerable as well. A catastrophe cannot be
avoided if this takes place at a low altitude (and sustained asymmetrical thrust).

9.4.18. The author of this report conducted engine out flight-testing in this type of
airplane and proved that the airplane could continue to fly safely while one engine
was inoperative and to climb on runway heading. The angle of sideslip difference
between wings level and a bank angle of 5° away from the inoperative engine was 14
degrees. The difference between Vmca with wings level and Viuca with a bank angle
of 5° in the tested configuration was 5 kt. Vmca with flaps 20 was higher than the stall
speed.

9.4.19. Manual review. An AFM was not available for review, but the accident re-
port presented the engine emergency procedure and a Vuca definition, which are re-
viewed below.

9.4.20. Engine emergency procedure. According to section 3.1 of the emergency
procedures of the airplane’s AFM, which was found in the wreckage, the emergency
procedures for an engine failure during takeoff include:

If engine failure occurs above Vic and a decision is made to continue the takeoff,
proceed as follows:

¢ Maintain heading by applying rudder and lowering wing against the live
engine as necessary and lower nose to hold desired airspeed.

o Advance power levers.

o Power lever of failed engine - IDLE.

o Propeller lever of failed engine - FEATHER.

e Hold 71 knots IAS if flaps at 30°, 83 knots IAS if flaps at 0°.

o When clear of obstacles, the flaps should be retracted in increments and the
airspeed increased appropriately per the above schedule in order not to
lose altitude during retraction. Best single engine rate of climb is achieved
with flaps 0° at 83 knots IAS.
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9.4.21. A few remarks to this procedure:

o If engine failure occurs above Vic. It is not clear whether Vice or Vmca is
meant here. If Vvca is the decision speed to continue the takeoff, the air-
speed at lift off after engine failure will still be very close to the actual
Vmca because the wings are still level. 1t will be required to immediately
attain and maintain a small bank angle away from the inoperative engine.

¢ Maintain heading by applying rudder and lowering wing against the live
engine as necessary and lower nose to hold desired airspeed. Good point,
but what is lowering wing against the live engine as necessary? This should
be replaced with: attain and maintain a bank angle of 5 degrees away from
the inoperative engine (or into the live engine), or a bank angle as opted by
the manufacturer (that was used to design the vertical tail because then the
sideslip, hence drag is as low as possible).

e Advance power levers. In addition, rudder deflection needs to be increased
while advancing the power levers to prevent yawing.

e Added should be not to turn the airplane, but maintain straight flight while
maintaining the small bank angle, until reaching a safe altitude.

9.4.22. Although engine emergency procedures of some airplane's present guidance
on the use of the small bank angle, this often comes too late in the procedure, but not
here. That is quite good, but if pilots were not trained for this on small twins, this does
not mean anything to them.

9.4.23. Vwca definition. A footnote (No. 11) in the accident report presents a defini-
tion of Vmc: "According to FAA definitions, Ve is the minimum airspeed at which
the airplane could remain controllable with its critical engine inoperative; for twin-
engine airplanes, the critical engine is the engine in which a failure would have the
most adverse effect on directional control. On the DHC-6-100 airplane, which has
engines that both rotate in conventional, clockwise rotation as viewed from the pilot’s
seat, the left engine is the critical engine."

It is not clear whether this definition is copied out of the AFM or out of another source;
is this also the definition of the airplane manufacturer?

9.4.24. A few remarks to this definition:

e VVmc (meant will be Vmca) is not only the minimum airspeed for maintain-
ing control with the critical engine inoperative, but for any inoperative en-
gine. The critical engine is shut down during flight-testing to determine
Vmca because this Vumca is a little higher than Vuca after shutting down the
other engine. Any inoperative engine has its own actual Vmca.

e The last sentence suggests that the failed engine, which was not the critical
engine, did not have the most adverse effects on directional control. This
might be the reason that important data, like Vmca, center of gravity, etc. is
missing in the report.

Anyone of the two engines has, after failure, near identical effects on direc-
tional (and lateral) control, though in opposite direction. The differences are
the opposite required control inputs, a little different actual Vmca and a lit-
tle different yaw rate immediately after the failure.

e The criticality of an engine does not belong in an AFM definition; only a
single emergency procedure applies after failure of either engine. The effect
of the longitudinal and lateral location of the center of gravity and the huge
effect of bank angle on Vmca are not mentioned; these are much larger than
the difference between the critical and the other engine (8 4.5). The AFM-
published Vmca is safe after failure of any engine and with the other engine
generating maximum thrust, with any center of gravity, but only while
maintaining a small favorable bank angle and with the rudder deflected for
stopping the yawing, i.e. for maintaining the heading.

9.4.25. Missing data. Many variables have influence on the minimum control speed
Vmca, as was discussed in 8§ 4. For a valuable analysis, the actual value of these vari-
ables should have been included in the accident investigation report.
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10.

CONCLUSIONS

9.4.26. The autofeather system was labeled "DEACTIVATED" (§ 9.4.8). It is not
made clear in the accident report whether the published Vmca was for an activated or
a deactivated autofeather system. The Vuca with a deactivated system is higher than
Vmca With an operative (and armed) autofeather system.

9.4.27. Training. It will never be known whether the pilot was aware of the engine
failure at the instant the picture showing the not-deflected rudder was taken. The bank
angle was not into the operative engine, as the engine emergency procedure requires.
However, if the pilot never trained the failure of engine #2, the non-critical engine in
terms of the accident report, then the wings-level attitude in the picture can be ex-
plained, but still is not correct.

9.4.28. Cause of the accident. The analysis presented above is limited, because quite
some relevant data is missing in the accident investigation report. Based on the infor-
mation provided and on the experimental flight-test knowledge of the author of this
report, the conclusion is that the airplane was out of directional control already shortly
after liftoff, because the airplane obviously could not maintain runway heading after
engine failure. The pilot obviously did not bank into the live engine and might not
have realized that Vmca is only valid, and that control can be maintained only, if a
bank angle of 5 degrees is maintained away from the failed engine. Not maintaining
this bank angle (while the thrust of the remaining engine is maximal) results in an
increase of the Vmca to some higher actual Vuca, to a sideslip and hence, drag. If
indeed the actual Vmca increased above the indicated airspeed due to a bank angle
away from the favorable 5 degrees bank angle, control was lost from which recovery
at low altitude was not possible.

The pilot did not follow the engine emergency procedure that was published in the
AFM (as included in the accident investigation report).

9.4.29. Most probably though, the pilot is not to be blamed. Most pilots, their in-
structors and accident investigators as well, were not aware of the design and flight-
test techniques of airplanes and what the real value is of minimum control speed Vuca,
prior to reading this report.

10.1.  Many papers and reports, including accident investigation reports, were writ-
ten on airplane control after engine failure but still, accidents continue to happen. This
was reason for AvioConsult to review accident reports, multi-engine AFMs, textbooks
and aviation Regulations on the subject of controllability while flying on asymmet-
rical thrust. As a result, many imperfections and even deficiencies were found. Con-
sequently, by reading (only) these imperfect documents, pilots, instructors, tutors,
writers, etc. receive an incomplete and hence incorrect comprehension of Vuca, which
definitely must have contributed to many engine failure related accidents in the past.

10.2.  Throughout this report, many conclusions were already presented; these will
not be repeated here, only the most important ones.

10.3.  The standardized minimum control speed Vmca that was used to size the ver-
tical tail and that is published in AFMs and used by pilots of multi-engine airplanes is
in reality, i.e. during actual flight with an inoperative engine, not a constant number
as the manuals might suggest and pilots assume it is. Vmca Vvaries considerably with
bank angle, control inputs and power setting to some actual value. The standardized
Vwmca that is published in AFMs is determined while maintaining straight flight using
the worst case of many variable factors that have influence on Vmca and a small 3° to
5° bank angle away from the inoperative engine, at the option of the applicant (the
manufacturer), and while the power setting is maximum available takeoff. The actual
Vwmca might increase more than 60 knots, depending on airplane type, above the pub-
lished Vmca if the bank angle is not maintained at the opted number of degrees away
from the inoperative engine, which might lead to an uncontrollable airplane and con-
sequently to a calamity. The influence of bank angle on Vuca is not made clear in
AFMs (may be except for a very few), aviation Regulations and most textbooks, etc.
(refer to § 4 and § 5 above).

The Vmca published in AFMs is a minimum control speed for maintaining straight
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11. RECOMMENDATIONS

flight only, certainly not for maneuvering and is only valid as long as the same small
bank angle that was used to determine Vca is indeed maintained.

10.4.  Takeoff safety speed V2 is used on Part 23 Commuter and Part 25 airplanes.
It is supposed to provide safety during takeoff, even after engine failure. V» is calcu-
lated during preflight (or by the on-board computers) using Vmca and stall speed Vs,
and is normally the greater of 1.1 x Vmca and 1.08 to 1.13 x Vs (FAR/ CS 25.107). In
8 6 an example was given where actual Vuca at high takeoff gross weight increased
with 71 kt to 190 kt, which is 60% above the preflight calculated V, (119 kt) after
banking only 5 degrees into the failed engine. If the pilot would attempt to maintain
equilibrium flight with this bank angle, the airplane would run out of control and
crash. The V. published in AFMs is in general not a safe takeoff speed after engine
failure, unless the same bank angle is applied that was used to size the vertical tail and
determine Vmca (which is a bank angle between 3° and 5° away from the inoperative
engine at the option of the applicant, the manufacturer of the airplane) and straight
flight is maintained as well. 'Unfortunately’, no requirement exists in Regulations to
list this required bank angle with Vica or with V; data in AFMs.

10.5.  Modern avionics provide the pilots with many warnings, cautions and alerts
if operating limitations are approached. But the most important speed limitation that
even becomes life threatening after engine failure is not included in the warning sys-
tems. Pilots are not alerted of approaching the actual air minimum control speed Vmca
yet, while all of the data that is required to calculate an actual air minimum control
speed is available in the on-board computers. Advices on safe bank angles for the
actual airspeed are not presented.

10.6.  Turn-rate indication is not presented anymore on many modern electronic
cockpit displays. The slower moving heading scale has to be used for detecting the
yaw rate caused by engine failure, which delays the early detection of a propulsion
system malfunction and increases the reaction time of the flight crew (if under Instru-
ment Meteorological Conditions), which might lead to recovery problems.

10.7.  Additional flight-testing will be required to acquire data of the effect of bank
angle and weight on minimum control speeds of individual airplane types in order to
be able to continuously calculate and display the actual air minimum control speed
Vwmca and takeoff safety speed V; in-flight. This will cost money, but might save lives
and avoid lawsuits in the future too.

11.1.  Recommendations from this report that could also be used in accident inves-
tigation reports to prevent accidents after engine failure could include, but should not
be limited to:

1. Include in FAR/ CS 23 (8§ 23.1563) the requirement to list the bank angle for
which the indicated and/ or placarded Vmca is valid on the same placard or
on a separate placard near the airspeed indicator (8 7.5);

2. Include in FAR and CS 23 and 25 and in the Flight Test Guides the require-
ment for testing the effect of bank angle on Vuca prior to and during certifi-
cation and add these data to AFMs to convince pilots of the fact that a small
bank angle has great effect on Vmca and V2. Consider also to require data on
the differences in Vimca with forward center of gravity and with failure of the
engine opposite of the critical engine. Properly informing pilots about these
effects might help prevent fatal accidents while an engine is inoperative
(84.3,86);

3. Review and if necessary, improve flight and operating manual texts on Vuca
and V», in the definitions as well as in numbers, charts and legends (8§ 7);

4. Review and if necessary, improve the publishing of appropriate conditions
for maintaining maximum n-1 climb performance (8§ 7.8.2);

5. Review and if necessary, rewrite flight crew training textbooks on Vmca
(87.6);
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6. Review in-flight as well as in-classroom training for engine-out, and improve
as necessary to be in agreement with the way that airplanes are designed and
flight-tested (§ 7.7);

7. Review and if necessary rewrite simulator training syllabi for engine failures
and for simulated flight with an inoperative engine to be also in agreement
with the way that airplanes are flight-tested (§ 7.7, § 5.3, § 5.4);

8. To increase pilot awareness and therewith reduce accidents when an engine
is inoperative, implement bank angle and rudder advisories to electronic dis-
plays using on-board dynamically calculated actual takeoff data and add
warnings and alerts for approaching the actual Vmca and/ or actual V- similar
to the existing Vs warnings and alerts (§ 7.4);

9. Review operational requirements for departure procedures for reduced turn
capability after failure of left and right engines at low speed (8§ 6.5.15,
§7.6.3);

10. Review the consequences of engine failures for airport operations from par-
allel runways or from runways in mountainous terrain (8§ 2.7.6);

11.To 'expedite’ the detection of a malfunctioning propulsion system, yaw-rate
indication should be or be made available again (8§ 7.6.3);

12. Add a radial line on the power or thrust indicators to indicate the thrust or
torque for zero drag/ zero thrust for a realistic asymmetrical thrust yawing
moment during engine-out training (8 8.5.13).

11.2.  Although not reviewed and discussed in this report, the following actions are
strongly recommended as well in order to improve aviation safety:

13. Review and if necessary, rewrite airplane accident investigation methods and
techniques using the facts presented in this report;

14. Review and if necessary, rewrite multi-engine rating exams, test rides and
proficiency programs and sequences;

15. Review and if necessary, modify spoiler assisted roll control during takeoff
on spoiler equipped airplanes and flight control systems on fly-by-wire jets;

16. Rewrite the flight safety audit checklist, etc., etc. .
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