19
Introduction to Stability and Control
Flight Testing

19.1 Introduction

In order to perform its intended mission an dircraft must have adequate
stability and control. The quantity of each of these items will depend on the
mission or purpose of the aircraft. For instance, a transport aircraft is interested
in a high stability level in order to give the passengers a smooth ride through
turbulence, while at the other end of the spectrum, the fighter aircraft needs a
high level of controllability for- air combat maneuvering. So, like aircraft
performance, the stability and control is a function of the aircraft mission. As a
result, the applicable regulations that govern the levels of stability and control
are somewhat different depending on the aircraft’s mission.

19.2 Regulations

For civilian airplanes, FAR Part 23 specifies the requirements for light
aircraft under 12,500 1b gross weight. .

For transport aircraft or aircraft over 12,5001b gross weight, FAR Part 25
specifies the level of stability and control.

Stability and control requirements for military airplanes are covered in Mili-
‘tary Specification- MIL-F-8785. Although this specification covers all military
" airplanes, éxcept some army airplanes that are certified under the FAA Regula-
tions, it specifies certain classes and categories of airplanes. The requirements
of the specification are different for each class of airplanes. These classes and
categories are based on the airplane mission.

19.3 Reference Axes Systems

In order to quantify stability and control parameters and have a common
reference system, several systems of axes have been established. Fig. 19.1
(Ref. 1) illustrates one of the axis systems in common use known as the body
axis system. Other axes systems referenced to the Earth’s surface or inertial
space are also useful in evaluating stability and control but are not used in this
text. For the body axis system the X axis, or longitudinal axis, runs fore and
aft in the aircraft and is located on a plane of symmetry. The positive direction
for this axis is in the direction of flight. Motion about the longitudinal axis is
called roll and is positive when it is to the right as viewed from the cockpit.
The notation for a rolling moment about the longitudinal axis is the capital
letter L. The Z or vertical axis is also in the plane of symmetry and the
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Fig. 19.1 Body axis reference system.’

positive direction is down. This convention was established for the aero-
dynamic theorist by the NACA; however, in the real world of flight test we
generally consider up as the positive direction. This is because down is where
the ground is and no one wants a collision with the ground; therefore, how
could down be positive? A moment about the vertical axis is called a yawing
moment. Its notation is the capital letter N and is also positive to the right
when viewed from the cockpit. The Y or lateral axis is perpendicular to the
plane of symmetry and is positive to. the right side of the aircraft. A moment. -
about this axis is a pitching moment and is positive in the nose up direction. It
is noted by the capital letter M. '

19.4  Definitions of Stability and Controllability

The stability of an airplane can be divided into two basic types: 1) static
stability; and 2) dynamic stability.

19.4.1 Static Stability"?

An airplane is said to exhibit positive static stability if, when displaced
from a condition of equilibrium, it has a tendency to return. We call the condi-
tion of equilibrium the trim condition. If the airplane has a tendency to
continue its movement when displaced from a condition of equilibrium we
can say that it exhibits negative static stability. If the airplane exhibits neither
a tendency to return nor a tendency to continue its movement when dis-
turbed then we say it exhibits neutral static stability. Fig. 19.2 gives a visual
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presentation of the three types of static stability. The static stability may be
further divided into stick-fixed or stick-free static stability, since the airplane
will exhibit different levels of stability with the controls fixed or the controls
free. In flight testing we cannot actually measure these types of stability so we
measure things that are measurable and are indications of them.

For the stick-fixed case we measure the control surface position that, by its
direction of movement, is an indication of positive or negative stick fixed stabi-
lity. .

The magnitude and direction of control force is an indication of positive or
negative stick-free static stability. _

These two indications of stability are sometimes referred to as control posi-
tion stability and control force stability. They are definitely things to which the
pilot relates when flying the airplane and are easily measured in flight test.
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Fig. 19.2 Static stability."
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19.4.2 Dynamic Stability

FLIGHT TESTING OF FIXED-WING AIRCRAFT

While static stability is concerned with the tendency of the airplane to
return to trim, dynamic stability can be defined as the resultant motion of the
airplane with time, after being displaced from trim. An airplane is said to
display positive dynamic stability if the amplitude of the resulting motion
decreases with time. The various possibilities of dynamic behavior are shown
in Fig. 19.3. If the airplane is disturbed from trim and the motion subsides
without oscillation, the dynamic stability is said to be deadbeat and is positive.
If the ‘aircraft is- displaced from trim and the amplitude continiies 'to :increase
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without oscillation, the dynamic stability is said to be divergent without oscilla-
tion. In this case both the dynamic stability and static stability are negative. If
we displace the aircraft from trim and it remains displaced without oscillation
or change in amplitude it exhibits neutral dynamic and neutral static stability.
The dynamic stability modes just described can be called nonoscillatory
modes. We might then expect to have oscillatory modes. To have an oscillatory
dynamic stability mode we must have positive static stability or a tendency to
return to trim. A damped oscillatory mode is said to exhibit positive dynamic
stability while- a- divergent oscillation shows negative dynamic stability. An

-undamped ‘oscillation” shows neutral dynamic stability. Dynamic stability may

be described mathematically by equations similar to those for a spring-mass-
damper system. The roots of such equations determme the modes of.dynamic
stability. 4 ;

19.4.3 Trim

Now let us turn our attention back to the trimmed condmon We mentioned
earlier that the trimmed condition was a condition of equilibrium. If an aircraft
is “in trim,” we can say that the aircraft moments in pitch, roll, and yaw are
all equal to zero. The ability. to establish an “in trim” condition for the various
flight conditions is a function of the aircraft controls and may be accomplished
by pilot effort, trim tabs, or bias of a control surface actuator. However, when
we speak of being trimmed it is generally taken to mean a movement of the
trimming device to achieve a zero control force or hands-off condition.

19.4.4 Controllability’
Controllability can be defined as the ability of the aircraft to respond to

~control movements. There is a definite relation between the stability of an

aircraft and its controllablhty This relationship is sometimes misunderstood in
the aviation community. It is sometimes thought that if an airplane has strong
positive stability it is also controllable. This is not true. An airplane with
strong positive stability is very difficult to control since it -has a strong resis-
tance to being disturbed from the trim condition. However, if the airplane has
strong negative stability it also may be uncontrollable since it will not stay in
any trim condition.

To get a little better understanding of this let us take another look at
Fig. 19.2. If we try to maneuver the ball on the concave surface it always
wants to return to the center, and to maintain it at some condition off-center
would require that we constantly hold it there. This is the case of the airplane
with strong positive stability. It requires considerable effort to maneuver.

The ball on the flat surface represents the airplane with neutral stability. If
we move this ball it stays where we move it. It is also easy to move. We might
say, then, that this case represents the peak in controllability. Control may be
done precisely with little effort. It is for this reason that airplanes that need to
be very controllable, like military fighters and aerobatic airplanes, have near-
neutral stability. : :
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The ball on the convex surface represents an airplane with strong negative
stability. If we apply a force to displace this ball, we will rapidly need to apply
a force in the opposite direction to stop its movement. If we remove that force,
the ball will continue moving without us taking any action. As you can see,
this ball can get out of control very rapidly. ;

We may sum up then by saying that to have an airplane that is highly
controllable we do not want either strong positive or strong negative stability
but one that has near neutral stability. However, for more mundane missions
. like cross-country flying, the. pilot likes to have positive stability, so a trade-off
 exists” between  stability” and controllability . that depends. on' the “airplane’s -
mission. CoL T Coll

19.5 Relation of Stability and Control to the Alrcraft's c.g. Envelope

The allowable movement or shift in the aircraft’s c.g. due to different cargo,
passenger, or fuel loads, called the center of gravity envelope (Fig. 19.4), is
- dependent on the level of stability and control exhibited by the aircraft.

For aircraft with conventional tail locations (other than canard configured
aircraft) positive stability decreases as the c.g. moves aft. We can then say that
the aft c.g. limit is generally set by the minimum acceptable level of positive
stability. There are casés, however, where other items like stall characteristics
or spin recovery characteristics may establish this limit. '
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As the c.g. moves forward the airplane becomes more stable and less
controllable. Therefore, a controllability function such as nosewheel liftoff for
takeoff or elevator required to land will establish this forward limit.

As you can see, in flight testing of stability and control it is very important
to know the location of the aircraft’s c.g. precisely.

19.6 Control System Characteristics

- The control system characteristics play an important part in the stability and
control of the aircraft as seen from the pilot's perspective. Two of the most
important characteristics are control system friction and breakout force. '

19.6.1 Control System Friction

It is desirable to keep control system friction to a minimum as it may mask
low levels of static stability. In flight, high control system friction will make
the airplane difficult to trim precisely. In pitch this will result in a large band
of airspeed where the airplane appears to be in trim. During the design and
fabrication of the control system considerable effort should be expended to
reduce control system friction to a minimum and the friction level should be
checked and reduced to a minimum prior to starting flight testing.

19.6.2 Control System Breakout Force

A low level of breakout force in the control system may be desirable so that
the pilot has some feedback from the control system should there be a distrac-
tioin and an unwanted force then applied. However, these forces should not be
excessive or they may lead to over controlling or pilot-induced oscillations. -
Breakout force levels are somewhat pilot subjective so several pilots should be
used to determine if they are acceptable.

19.6.3 Control System Gearing

The gearing ratio of the control system may be used to improve or reduce
apparent levels of static stability on airplanes with reversible control systems.
However, by the time the airplane reaches the flight test stage it is unlikely that
this gearing ratio can be changed.
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. 20
Static Longitudinal Stability Theory

20.1 Introduction

When we speak of longitudinal motion we are speaking about motion in the
plane of symmetry of the aircraft, or motion about the lateral Y axis. For small
disturbances, longitudinal motion does not generally couple with motion about
other axes and can therefore be handled as two-dimensional motion which
greatly simplifies its analysis.

In discussing the longitudinal stability and comIoII, we subdivide the discus-
sion into maneuvering and nonmaneuvering tasks." The maneuvering tasks
involve both static and maneuvering longitudinal stability and will be left for a
later discussion. The nonmaneuvering tasks are tasks such as:

1) takeoff

2) climb

3) cruise

4) holding

5) gliding

6) descents
7) approach
8) go-arounds

These are items that do not involve much maneuvering and are primarily
affected by the static longitudinal stability of the airplane. These tasks are also
more affected by the long period dynamic stability than are the maneuvering
tasks. :

During this discussion we will also be speaking of reversible and irreversi-
ble control systems. A reversible control system can be defined as one in
which a movement of the pilot’s controls will move the aerodynamic control
surfaces, and a movement of the aerodynamic controls will correspondingly
cause a movement of the pilot’s controls. The control system then is rigidly
connected together. In the irreversible control system the connection between
the controls is not rigid but through either hydraulic or electric actuators. In
this system the pilot’s controls will move the aerodynamic control surfaces, but
an external movement of the aerodynamic control surfaces will not move the
pilot’s controls. ’

Also in our discussion of static longitudinal stability we will talk about the
stability of the airplane in two cases: 1) with the controfs fixed; and 2) with
the controls free.

209
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20.2 Stick-Fixed Static Longitudinal Sfabi'llty

In discussing stick-fixed stability, we are saying that the elevator is fixed in
position and not free to float with the relative wind. In this condition the varia-
tion of pitching moments C,, about the aircraft’s c.g. with changing lift coeffi-
cient Cy is a function of the pitching moments of the individual components of
the airplane for the given C;. In other words, we may sum the individual
components of pitching moment due to the wing, fuselage, nacelles, horizontal
tail, powerplant, and so forth, and come up with the way the airplane pitching
moment varies with C;. Before discussing the total airplane, let us examine the
way the pitching moment of the individual components vary with C;.

First, let us look at the wing.>* In evaluating the wing we must first deter-
mine the wing aerodynamic center (a.c.) or the point on the wing chord where
the pitching moment due to the wing remains constant with changing lift coef-
ficient. This is also the point through which we can consider the lift to act.
Once we have determined this point we can see from Fig. 20.1 (Ref. 3) that as
long as the c.g. stays ahead of the a.c., the wing pitching moment will be nose
down, or a restoring (stablé) moment. If the c.g. is aft of the a.c. the moment
is nose up or unstable. Since the normal aircraft center of gravity range may
vary from 10-40% MAC and the a.c. is usually located in the vicinity of 25%
MAC, the wing’s contribution could be either stable or unstable. However, if
we consider the worst case of aft c.g. it will generally be unstable. This is
shown in Fig. 20.2 (Ref, 3). A

The fuselage contribution is also generally unstable.>* This is due to its
shape and the upwash and downwash of the wing acting on it, causing nose up
pitching moments with increasing C. It is the fuselage ahead of the wing that
is the largest problem, and long noses should be avoided where possible.
Fig. 20.2 shows the additional unstable contribution of the fuselage to the
overall pitching moment.

Nacelles act similar to a fuselage and may add considerable unstable pitch-

.ing moment when located ahead of the c.g. . o ‘

The effects of engine thrust depend upon the location of the thrust line with
respect to the vertical location of the c.g. If the thrust line is located above the
c.g. then the thrust effect is stabilizing. If below the c.g. it is destabilizing. In
either case, however, the thrust line is usually so close to the c.g. that the
thrust effect is not very significant. S

The element of producing thrust that is significant is the force generated by
the turning of the air when it comes through the propeller discs or when it
enters a jet intake. This effect and its resultant forces are shown in Fig. 20.3.2
As we can see from this figure the force created by turning the air generates a
nose up or unstable moment about the c.g. This force is usually greater than
any stabilizing force created by the thrust, so we can say that for jets and trac-
tor-configuration, propeller-driven aircraft the overall power effects are’ gener-
ally destabilizing. A pusher configuration of a propeller-driven aircraft or jet
engine nacelles mounted on the aft fuselage can reverse these effects and
create stabilizing moments as shown in Fig. 20.4. S C

In our discussion so far, nearly everything has created instability in our
airplane, and the only component we have yet to discuss is the horizontal tail.
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Fig. 20.1 Wing contribution to stability.?

Therefore, we can deduce that it is the horizontal tail that provides the stabiliz-
ing moments to provide positive stability for the entire aircraft. Fig. 20.2
shows the pitching moment coefficient for the tail as a function of C; and its
contribution to the overall aircraft pitching moment. As can be seen from this
figure, the contribution of the horizontal tail to static longitudinal stability is
powerful and stabilizing. ‘ :

A term that is used frequently by airplane designers to give an indication of
the power of the horizontal tail stabilizing the airplane is the tail volume coeffi-
cient,"?* which is determined by the following terms: '

@Y w
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Cn

Fig. 20.2 Contribution of airplane components to stability.

Fig. 20.3 Normal. force created by propeller or jet intake.’?
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Fig. 20.4 Effects of aft-mounted jet engines or propellers.

where

¥y = the tail volume coefficient
S, = the horizontal tail area

Sy = the wing area _
[, = the horizontal distance from the wing a.c. to the tail a.c.
C = the wing mean aerodynamic chord

This coefficient is used in comparing a new aircraft design to an existing
design. One must be careful in using this coefficient because the location of
the tail in the vertical direction also has considerable effect on longitudinal
stability. For a conventional configuration, a T-tail that is up out of the stron-
gest part of the wing downwash is more stable than a low tail design. There-
fore, in using the tail volume coefficient for comparison purposes one must be
careful to compare tails of similar vertical location.

The tail efficiency factor 77, is another measure of the tail effectiveness. This
factor is obtained by comparing the dynamic pressure at the tail g, with the
free-stream dynamic pressure. =

i Geo .

For configurations in which the horizontal tail is located in-the wing wake,
or area of high downwash, the dynamic pressure at the tail is reduced. For -



214 FLIGHT TESTING OF FIXED-WING AIRCRAFT

these configurations the tail efficiency factor i is generally taken to be about 0.9.
For T-tail configurations it more nearly approaches 1.0.

We must also keep in mind when discussing the horizontal tail that the
angle of attack of the horizontal tail is not the same as the wing. This is
because of the differences in wing and tail incidence and the downwash created
by the wing.

Again, by examining Fig. 20.2, we can see that the moment coefficient of
the horizontal tail provides a strong negative slope (stabilizing) that gives the
overall airplane a pitching moment coefficient with C; which has a negative
(stable) slope. The airplane is said to be in trim at the point where the pitching
moment curve crosses the horizontal axis (C,, = 0).

The equation that defines the slope of the pitching moment curve for the
entire airplane in gliding flight is given as follows: '

dC,,, X, /dcC dc a, de
L1 —_m - [ et ay 74 —_— .
2=+ (@) @) Crm(-g) o9
where

X,/C = wing contribution, which is a measure of the location of the a.c. in
relation to the ¢.g.
a, = lift curve slope of the horizontal tail
a,, = lift curve slope of the wing
de/da = the change in downwash with angle of attack change

All of the above terms are fixed except for the wing term, which can be
varied by moving the center of gravity. If we move the center of gravity in a
direction that will make the wing term become larger in the positive direction
(c.g. moving aft), we will eventually reach a point where the dC,,/dC, curve
slope will be zero. This c.g. location is called the stick-fixed neutral point N
or the a.c. for the total airplane. With the stick-fixed neutral point defined
we can determine the slope of the pitching moment curve by the following
relation: '

dc, Xog.

L S

¢, = C

(20.4)

where
X g./C = the location of the aircraft’s c.g. in % MAC

The distance between the actual aircraft’s c.g. and the neutral point as
expressed in Eq. (20.4) is called the stick-fixed static margin.

20.3 Longitudinal Control

If we examine the dC,,/dC; curve in Fig. 20.2 for the total airplane, we can
see that it is only in trim (C, =0) at one point, or one value of C;. The
airplane would not be a very useful vehicle if it could only fly at one value of
C;, so we must have some method of flying at a variety of lift coefficients. If .




.STATIC LONGITUDINAL STABILITY:THEORY 215

. o
+20¢
+.15¢
+.10¢
+.05 ¢

CMc.g,

-.05
-10+

-15+

-20 ¢t

Fig. 20.5 Longitudinal control mechanics.

we examine Fig. 20.5 (Ref. 1) we see the pitching moment curve for a given
airplane with the airplane in trim at a lift coefficient of about 0.4. If the pilot
wanted to slow the airplane down and operate at a trimmed lift coefficient of
0.8, he would have to provide an additional increment of pitching moment
coefficient of + .04 to overcome the negative pitching moment coefficient of
—.04 existing at a C; of 0.8 (Ref. 1). h

If we take another look at Eq. (20.3) and write it as follows:!

Cm‘ = CmM' + _E,- CL + (Cm‘.,g' )fus + (Cmc.g_ )rxac - a1, VH : (203)

8.

we can see that there are three terms in this equation that might be used to
change the trim point. They are: 1) the wing pitching moment Cr,.» 2) thec.g.
location X, /C, and 3) the tail angle of attack «,. -

The wing pitching moment about its aerodynamic center C,, is a function
of the wing camber and wing twist. We can control wing camber with such
devices as leading- and trailing-edge flaps, but since we wish to use these
devices to control available lift coefficient we would prefer not to use them for
aircraft control. This is the method used by tailless aircraft, however. .

We can change the X,/C term by shifting the c.g. This is the control
method used by many of the current generation of hang gliders. There are
several drawbacks to this method of control. First, there are physical limits on
the amount that we can shift the c.g. Second, as we saw earlier, a shift in the
c.g. changes the stability level of the airplane and this is not desirable.

The last of the three methods is to change the tail angle of attack. This can
be done by moving the entire horizontal tail, as is the case with a stabilator, or
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Fig. 20.6 Variation of Ch,, Vs C; for various elevator angles.!

by moving a hinged surface at the trailing edge of the horizontal tail called the
elevator. Both of these methods produce large changes in pitching moments.
The stabilator is the more powerful device. It is used in applications where the
c.g. has considerable forward travel or the wing pitching moment about the
a.c. is large, such as in supersonic flight. A very significant fact about this
form of control is that, in addition to being powerful, it also does not sig-
nificantly change the longitudinal stability. Therefore, we may have a series
of C,, vs C, curves corresponding to each elevator angle as is shown in
Fig. 20.6 (Ref. 1). This allows us to have as many “trim points” in the
unstable C; range as we desire. _. T :

20.4 Elevator Position Stability

‘The in-flight measurement of pitching moments about the c.g. is a difficult
task. This type of measurement is more suited to a wind tunnel. However,
since there are few wind tunnels available large enough for full-scale airplanes
and subscale tunnel models do not always provide correct answers due to
Reynolds number and other effects, it is necessary to have a means to measure
longitudinal stability in flight. '

If we plot the elevator position vs lift coefficient for each value of trim
point (C, =0) in Fig. 20.6, we will obtain a plot similar to that shown in
Fig. 20.7 (Ref. 1).

This curve may be expressed by the equation:'

(dC,,,)
dC,
Sl 749 4 C, (20.6)




STATIC. LONGITUDINAL STABILITY THEORY 217

104 8 ForCL=0
S E‘G'MOVING“” C. G. AT STICK FIXED N. P.
3 0 10 15 o
\ L
54
-10 §

Fig. 20.7 Elevator position vs C; for various c.g. positions.!

where
8, = the elevator deflection
0, _ = the elevator deflection for zero lift coefficient
(dc,/ dCLL) x = the slope of the pitching moment coefficient vs C; curve for the
airplane
Chse = the pitching moment coefficient due to elevator deflection, or the

control power coefficient

For a stabilizer, elevator configuration:*

C

s, = —a,tn,Vy ©(20.7)
where -
T = the tail effectiveness factor which is equal to 1.0 for a stabilator

The term 5 is a constant, Although this value cannot be obtained in ﬂxght

it is xmportant to know this fact as it will help us in fairing 8, vs C, fhght
data. If we differentiate Eq. (20.6) with respect to CL we have:

( )

ds, dC;/ »

_—= 20.8
dCL C'"J, : ( - )

This equation can be called the elevator position stablhty equation. From this
equation we can see that when dC, /dC; =0 (the term used to define the
stick-fixed neutral point) then the slope of the elevator position vs C, curve
will be zero (dée/dCL = (). We may then use this relation to find the stick-
fixed neutral point by flight test. We can also deduce that the slope of the
elevator position vs C; curve will give us the sign 1f not the magnitude of the
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stick-fixed stability. Also, if we know the value for the elevator control power
coefficient, we can determine the magnitude of the stability. -

20.5 Stick-Free Longitudinal Stability
In our previous discussion we only discussed the case in which the elevator

. ;.. was rigidly fixed in.a- trim -position. We related the level of stability in that

.‘case to the variation of elevator position with airspeed or lift coefficient. We
now turn our attention to what happens to the static longitudinal stability when
the elevator is freed and allowed to “float.” This case is called stick-free longi-
tudinal stability. This type of stability is usually only associated with airplanes
that have reversible control systems, since in an irreversible control system the
elevator is never really free to float. However, some of these systems have
stability augmentation devices that move the control surface without pilot
action. This movement is sometimes considered control surface float.

In evaluating the stick-free longitudinal static stability of a reversible control
system, the control surface float is a function of the moments generated by the
elevator about its hinge line. These moments, called hinge moments, are
caused by two factors. The first of these factors is the tendency of the elevator
to streamline itself with the relative wind. This is essentially the variation of
elevator hinge moment with horizontal tail angle of attack. This moment
expressed in its coefficient form is known as Ch, » or the hinge moment coeffi-
cient due to horizontal tail angle of attack. ‘ ,

The second factor affecting the float of the elevator is the hinge moment
generated by elevator deflection when the horizontal tail is at zero angle of
attack. This moment expressed as a coefficient is Cy, » or the hinge moment
due to elevator deflection. )

T?e total elevator hinge moment may be expressed by the coefficient equa-
tion:

Che = Cho + Ch!f o, + Ch"'e (52 + Chd, 5, ' (20,9)

where : :
Che = the total elevator hinge moment coefficient
Cho = the elevator hinge moment due to camber, zero for a symmetrical section
C"u‘, = the elevator hinge moment due to trim tab deflection
0, = the trim tab deflection

When the elevator is in equilibrdum the total hinge moment is zero, and the

floating tendency is canceled by the “restoring” tendency. When this condition
exists we may find the float angle by the equation:' :

. C/l

=——"lg (20.10)

0 8flaat C b

If the elevator tends to float with the relative wind (Cy, and C4 both
negative), then the static longitudinal stability of the airplane’is reduced with

o
%
E
yi
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respect to the stick-fixed case. The stick-free longitudinal static stability can be
expressed by the equation:' : : .

dc,, dC,, c /ds,,, sl
( dCL ) ee_ ( dCL )ﬁxed+ mde( dCL ) ( ' )
The terms Cp, and dégﬂw /dC; are normally negative. This causes the stick-

free static stabﬁity to be less than the stick-fixed static stability.

Since the stick-free stability contains the stick-fixed terms, it, too, is affected
by center of gravity position. If we move the c.g. position far enough aft we
reach a point where (dC,_ /dC;)s., = 0. This point is called the stick-free
or elevator-free neutral point Nj. Once we have determined the stick-free
neutral point we can determine the stick-free longitudinal static stability for
any c.g. position from the equation:'

dC, - X
. =<8 _ N 20.12
( dCL ) ee C ° , ( . )

The distance between the c.g. location and the stick-free neutral point is
called the stick-free static margin.

20.6 Control Force Stability

Since none of the above stick-free equations provides us with variables that
we can readily measure in flight tests,- we need some method to relate flight
measurable variables to the stick-free stability level. If we examine a plot of
airplane pitching moment coefficient stick free, vs lift coefficient -(Fig. 20.8),"
we can see that for the case given the aircraft is trimmed at a lift coefficient of
0.5. If it was necessary to slow the airplane down and fly at a lift coefficient
of 0.8, the pilot would have to move the control so as to overcome the stabiliz-
ing pitching moment of 0.03 at that lift coefficient. If the pilot did not choose
to change the longitudinal trim setting, then in order to continue to fly at a lift
coefficient of 0.8 a force on the longitudinal control would need to be held.
This force must be sufficient to move the elevator from its trimmed float posi-
tion to the position for zero pitching moment coefficient at 0.8C;.

The magnitude of this force can then be related to the stick-free static stabi-
lity by the equation:'

dF, W Cu, (dC V. |
4, _ o W T (dCn e 20.13
d Vg S;V Cﬁld (dCL >free Vezm'm ‘ ( ‘ )

where .
dF,/dV, = the longitudinal control force variation with equivalent airspeed about
the trim airspeed
K = a constant dependent upon control system gearing, elevator size and
the horizontal tail efficiency factor (K = —GS,C,n,)
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Fig. 20.8 - ‘C,,,q vs C, stick fixed and stick free.!

As we can see from this equation, in order to determine the actual dC,,/dC,
free we must know the numerical values for C, and Cn, - These values are
not easily determined, so even with the use of Eq. (20.13)' it may be difficult
to determine the actual stick-free stability level. However, the variation of long-
itudinal control force with equivalent airspeed will give us an indication of
whether the stick-free stability is positive, negative, or neutral.

The plot of dF,/dV, is often called stick-force stability or longitudinal
control force stability. If we examine the equation we can see that when we are
at the stick-free neutral point, (dCpn/dCp)pee = 0, that dF;/dV, also equals
zero. It is this fact we use in flight tests to estimate the stick-free neutral point
of the airplane. dF;/d¥, =0 only corresponds to the stick-free neutral point
when the control system does not incorporate control-feel gadgetry such as
downsprings or bobweights. The neutral point determined when such devices
are in the system is sometimes called the stick-force neutral point, and in such
a case does not correspond to the stick-free neutral point.’ '
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20.7 Stick-Free Longitudinal Static Stabillty for an Irreversible
Control System’

In an irreversible control system the elevator doés not float with or against
the relative wind as it does in the reversible control system. Therefore, for
these systems the term stick-free longitudinal stability is somewhat of a misno-
mer. It is necessary, however, for the pilot to have the coatrol force sensations
of stick-free’ stability. Several different systems are used to provide this control
feel, with one of the most common ones being the extendable link. In this
system, an airspeed and altitude sensor senses a change in the trimmed flight
condition and signals the extendable link in the control system to expand or
contract. This extension or contraction of the control system forces the elevator
to move away from its equilibrium control position without moving the pilot’s
control stick. The pilot must then move the stick to bring the elevator back
from its artificial float position to the equilibrium position. This movement
provides a force and makes the pilot think a stable longitudinal control force
variation about trim has been achieved.
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Static Longitudinal Stability
.. Flight T__est.Methods

21.1 Introduction

From the pilot’s standpoint, the static longitudinal stability of an aircraft
may be divided into several characteristics. These characteristics include gust
stability, speed stability, and flight path stability.

Both gust stability and speed stability are related to the classical stick-fixed
and stick-free static longitudinal stability and are dependent on stability
margins. They are also affected by friction in the longitudinal control system
and by control system gimmicks such as downsprings, bobweights, or artificial
stick-force systems.

Flight path stability is related to the pilot’s opinion of the aircraft in the
approach configuration.

Since gust stability and speed stability are dependent on stability margins, it
is worthwhile to determine the neutral point locations in order to fix the aft
c.g. limit. We would want this limit to provide us with a useable c.g. travel,
while at the same time giving us adequate stability margins. Both of these
items are airplane mission dependent.

21.2 Federal Aviation Administration Regulations

The FARs have had requirements for static longitudinal stability since their
inception. However, their requirements are only for stick-free longitudinal
static stability as demonstrated by longitudinal control force when the airplane
is displaced from trim. There are no requirements for stick-fixed longitudinal
static stability or flight path stability.

21.2.1 Civil Aeronautics Regulation 3 (Ref. 1)

CAR 3.114 and 3.115 require that for specific flight conditions (which
include climb, cruise, and landing), at a specified trim speed, a pull shall be
required to obtain and maintain speeds below trim and a push shall be required
to obtain and maintain speeds above that trim speed. In addition, the airspeed
shall return to within 10% of the original trim speed when the control. force is:
slowly released from any speed within the required range of airspeeds required
to demonstrate static stability. The configurations are specified in 3.115 for
each flight condition along with the trim airspeeds and ranges of airspeeds for
which static stability must be demonstrated.

223
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CAR 3.116 states that instrumented stick-force ‘measurements need not be
made when the changes in airspeed are clearly reflected by changes in stick
force and these stick forces are not excessive.

21.2.2 Federal Air Regulations Part 23 '(F»‘ef. 2)

FAR 23.173 and 23.175 discuss longitudinal static stability and its demon-
-, Stration, These. regulations read much like CAR 3 except that the cruise condi-
tion has been expanded to several cruise conditions (high. and low speeds) and
the landing case has beén expanded to include approach. The stable range in
climb has changed to be £15% of the trim speed rather than a multiple of the
stalling speed as it is in CAR 3. This regulation makes no mention of stick-
force measurements, but does require a stable slope of the stick-force curve.
For commuter aircraft the free return speed has been reduced from the £10%
of the trim airspeed to £7.5% of the trim airspeed. The landing and approach
flight conditions are to be measured with both power off and with power for a

3 deg descent. -

21.2.3 Advisory Circular 23-8A (Ref. 3)

Advisory Circular 23-8A provides some additional guidance for measure-
ment of static longitudinal stability. It states that if autopilot, or other systems
that connect to the longitudinal control system, increase the friction of the
control system, then the test should be conducted with these systems installed.
The AC also discusses a test method and discusses the determination of the
stable control force slope. In this instance the AC mentions use of hand-held
force gauges or other methods to measure the force in addition to qualitative
measurements by the test pilot. The AC also suggest that data should be
collected within a +2000-ft altitude band.

.21.3 = Stick-Fixed Neutral Point Determination
21.3.1 Flight Test and Data Reduction Method*”

As was discussed in the section on stick-fixed stability theory, the stick-
fixed stability (dC,,/dC;)aceq can be related to the elevator position d, through

the relation:*’

48, _ (@Cu/dC0) prea
dc, Cn,

de

21.1)

Since dé,/dC; will be zero when (dC,,/dC;)syeq is zero, the stick-fixed neutral
point can be found by moving the aircraft c.g. aft until the plot of 8, vs C;
has a zero slope. Although it is possible to' determine the stick-fixed neutral
point by this method, it is not a safe way to approach the problem.

A safer way to approach the problem is to measure the elevator position
d, vs equivalent airspeed ¥, both above and below some specified trim
airspeed, for a number of c.g. positions safely ahead of the neutral point. This
should be accomplished for the configurations specified in the FAA Regulations
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at the trim airspeeds and power settings specified. Once these data have been
taken they are plotted and reduced using the.sequence shown in Fig. 21.1
(Refs. 4, 8).

Posmve stlck—ﬁxed, or elevator posmon long1tudmal stability is not requlred
by the federal air regulations, but is important in determining if the stick-free
longitudinal stability can be improved through gimmicks like down-spnngs or
bobwewhts

21.4 Stick-Free Neutral Point Determination

As was discussed earlier, the stick-free longitudinal stability (dC,, /4C1)fee
can be related to the elevator control force by the relation:

dF, w Ch, (dC, 12
=2 e 1.2
a, = K3, Cr, (dC) W V2 (@12)

From this relation we can see that when we are at the stick-free neutral point
(dC,./dC;)s,. = 0 then the derivative dF,/dV, is also equal to zero. Again, we
would prefgr not to test at the actual neutral point. Therefore, while we are
collecting the data for stick-fixed stability, we also record elevator control
force. We then plot elevator control force F; vs equivalent airspeed V, as is.
shown in the first plot of Fig. 21.2 (Refs. 4, 8) :

For FAA certification it is not necessary to determine the st1ck-free or
control force, neutral point. For FAA testing one only needs to plot elevator’
control force at the control wheel, or control stick, and plot it vs calibrated
airspeed as is shown in the first plot of Fig. 21.2. This plot must have a stable
slope, as shown, to satisfy the regulations.

As can be seen in Eq. (21.2), the derivative dF. /dV is a function of aircraft
trim as well as stability. This fact reduces the value of a neutral point extracted
from this derivative. If we divide stick force by dynamic pressure, the deriva- -
tive of this quantity d(F,/q)/dC}, is a function of stability only.”

dEJ) G, (4G, -
= — £ —= 213
ac, - ¢, \ic.) . et

where

A= -KS,C,

S, = elevator area

C, = elevator MAC

K = control system gearing constant .

The next step in the data reduction process is to divide the stick force
by dynamic pressure and plot this vs lift coefficient (see second plot of
Fig. 21.2.). In order to extract the neutral point, the sequence of Fig. 21.2 is
continued.

Again, it should be cautioned that this method will not give the stick-
free neutral point if there are springs or other “force feel” systems in the
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Step 1. Plot data of elevator position (8,) vs calibrated airspeed (V) for each flight at
different c.g. positions and fair a smooth curve through the data. Mark the trim airspeed on

~ the plot.
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Step 2. From the smooth curves of Step 1 plot elevator position &, vs lift coefficient C;.
Select airspeed at which the flight test data were obtained to calculate C, but obtain the 4,
from the faired lines. Note that these curves all ray from the é, for C;, = 0.

Fig. 21.1 Graphical determination of elevator position neutral point.>®
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STATIC LONGITUDINAL STABILITY
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Step 3. Take slopes d9,/dC; at even increments of C; from each of the curves and plot
c.g posmon Fair curves through the points for each respective C; and extrapolate to zero.
This is the c.g. position of the neutral point for that lift coefficient.
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Step 4. Plot the locus of neutral points for each C; vs C; and compare with the desired
most aft c.g. position. Mark trim C, neutral point since this is most important neutral point.

Fig. 21.1 Graphical determination of elevator position neutral point (continued).*®
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STATIC LONGITUDINAL STABlLﬁY
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Step 1. Plot elevator control force Fy vs calibrated airspeed V- for each c.g. position tested
and fair a smooth curve through the data points. Mark the trim airspeed on the plot. For
FAA testing this is all that is required by the regulations. ’
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Step 2. Using even increments of airspeed obtain the Fg from the previous plot using the
faired lines and not the data points and plot F;/q vs C; for each c.g. position tested. These
lines should cross at or near the trim Cj.

- Fig.21.2  Graphical method for determining contrel force neutral point (continued).>®
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Step 3. At even increments of C; take slopes dF,/q/dC, for each c.g. position tested and
plot these slopes vs c.g. as shown. Fair straight lines connecting the slopes for each C; and
extrapolate to a zero slope, This point is the control force neutral point for that C;.
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Step 4. Plot the locus of neutral points vs C, and mark the trim C,. This is the most
important control force neutral point since the pilot spends most of his time flying at or
near trim. ‘ : .

Fig.21.2  Graphical method for determining control force neutral point (continued).>®
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longitudinal control system. In such a case, yoﬁ will only have an apparent or
stick-force neutral point.

21.5 Flight Test Method for Determination of Neutral Points

Both the stick-fixed and stick-free neutral point data are collected at the
same time. First, the pilot trims the aircraft to the trim airspeed -and power
setting required by the regulation for the flight condition (climb, cruise, or
. power ‘approach). The following data are then recorded: '

1) observed trim airspeed

2) elevator position (Note: It will not be ZEr10.)
3) longitudinal control force (It should be Z€er0.)
4) fuel consumed (for test weight calculation)
5) power setting

6) altitude

7) ambient air temperature

Once the trim data are ©obtained the airspeed is either increased or decreased
by use of the longitudinal control without retrimming the aircraft and the new
value of airspeed is held constant by exerting a force upon the longitudinal
control. Items 1 through 4 of the above data set are read again at this new
speed. Whether one uses a speed above or below the trim airspeed for the first
point depends upon the flight condition being measured. If it is a climb condi-
tion then the first point should be above trim, if power approach it should be
below trim, if cruise it makes no difference. The reason for doing this is to
reduce the altitude gain or loss during the measurement. This procedure is then
repeated at an airspeed on the opposite side of the trim airspeed. Once that
data is obtained, the airspeed is then again moved to the opposite side of the
trim speed to some value that is at least 5 kn higher or lower than the previous

- measurement. This alternating procedure with data points 5-10kn apart is

continued until the required stable range is covered. Data items 1 through 4 are
collected at each airspeed. ~ Co '

After completing the last point above and below the trim airspeed, the longi-
tudinal control is gradually released toward trim until the pilot’s hands can be
removed without any further airspeed change. This airspeed is then recorded as
the “free return airspeed.” It is an indication of control system friction and the
FARs require that it not be more than + or ~ 10% of the trim airspeed.

Once the data have been collected, the instrument corrections are applied
and the data plotted as shown in Figs. 21.1 and 21.2.

21.6  Other Static Longitudinal Stability Tests

21.6.1 Speed Stability”

The military specifications require that aircraft have a stable stick force
throughout its speed range. This requirement addresses itself to the irreversible
control system since these systems do not have classical stick-free stability.
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The test for speed stability is quite simple. A series of overlapping stick
force vs equivalent airspeed plots are obtained across the operating envelope as
shown in Fig. 21.3 (Ref. 7). )

The military specifications do allow for some instability- in the transonic
range. This instability may not be of such nature as to be objectionable to the
pilot. ,
In measuring speed stability, one must be careful to take into account the
control system friction and breakout forces. The normal procedure is to
measuré-the forcé on the back side, or low force side, of the friction band for
speeds below trim, and on the high side (low force side) at speeds above trim:

21.6.2 Flight Path Stability®”

An airplane is said to exhibit positive flight path stability if an increase in
airspeed by elevator alone decreases the flight path angle, while a decrease in
airspeed by this method increases the flight path angle. Flight path stability is
directly related to the speed at which an airplane flies its approach and the rela-
tionship of this speed to the thrust required curve. For instance, an airplane

SERVICE ENVELOPE

OPERATIONAL ENVELOPE

TRIM SPEEDS

ALTITUDE
]

TEST
ALTITUDE

AIRSPEED

Fig. 21.3 Speed stability measurement.’
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that flies its approach at an airspeed that is in the flat portion of the thrust
required curve generally has better flight path stability than one with its
approach speed on the back side of the thrust required curve. Therefore, flight
path stability may sometimes be improved by increasing the approach speed.
Although the items that affect flight path stability are more nearly related to
airplane performance than to airplane stability, they do affect the pilot’s opinion
of the airplane’s handling qualities and affect workload during an approach. It

test. : . :

To analyze flight path stability in the power approach configuration, we
need a plot of flight path angle vs true airspeed, such as is shown in
Fig. 21.4 (Ref. 5). To obtain this plot we need to measure the rate of descent
in the power approach configuration through a range of —10 to -+10kn of the
approach speed. The airplane should be trimmed at the approach speed and the
speed variations made with elevator only. In certain cases it may be possible to
conduct this test at the same time data is being gathered for the power
approach longitudinal stability test since pilot techniques for the two tests are
nearly the same.
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Fig. 21.4 Flight path stability measurement.’

is for this reason that flight path stability is included as a longitudinal stability
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Once we have obtained the data it should be corrected for weight and other
nonstandard performance factors and plotted as shown in Fig. 21 4

We then need to take slopes at points along ‘the curve, including a slope at
the approach speed for reference. We then may compare these slopes with
applicable requirements to determine if they comply.
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Dynamic Longitudinal Stability Theory

22.1 Introduction

In our discussions of static longitudinal stability we have been interested in
the initial tendency of the airplane to return to the equilibrium condition after
being disturbed. Dynalmic longitudinal stability is a study of how one equili-
brium flight condition is changed to another equ111bnurn condition, or how the
airplane responds to a disturbance with time.'

As we mentioned in a previous discussion, positive dynamic stability exists
when the amplitude of the displacement decreases with time. The level of posi-
tive dynamic stability required, if such a requirement ex1sts is usually specified
by the time for the oscillation to damp to half-amplitude.’

For small perturbations, dynamic longitudinal stability like static longitudi-
nal stability does not normally couple with motion about another axes, and we
can consider it in the two-dimensional sense. This bemg the case, the principal
variables in longitudinal dynamics stability will be:>

1) the pitch attitude of the airplane

2) the angle of attack

3) the flight velocity ‘

4) the elevator deflection when considering the 'stick free-case

Aircraft dynamic motion can be divided into two sets. The first set that we
will discuss in this chapter is the longitudinal set. The second set is the lateral-
directional set that will be discussed in a later chapter. Both sets of motion are
described by quartic differential equations,

The longitudinal quartic equation can be factored into a pair of second
order differential equations. One of these second order differential equations
describes the longitudinal short period motion which on most airplanes is a
well-damped motion of fairly high frequency, normally with a period of under
three seconds.

The other second order differential equation factored from the longitudinal
quartic equation describes a motion called the phugoid or long period motion.
It is a lightly damped motion of low frequency with a period on the order of
305 or more.

A third set of motion called the short period elevator motion may exist for
airplanes with reversible control systems. It resembles the longitudinal short
period but is driven by the elevator.

235
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Dynamic stability is better classified as a part of handling qualities since
each of the modes mentioned above is related to the flying task at hand. For
instance, the pilot uses the phugoid or long period mode to make airspeed
changes, and this mode is more closely related with static stability. In maneu-
vering tasks the pilots initial inputs are pitch and angle of attack changes with-
out changes in airspeed. The short period modes respond to these changes, and
Wwe may say that short period motion more closely aligns itself with maneuver-

... ing stability.

22.2 Theory

To study dynamic stability we must use an axis system other than the body
axis used in the previous chapters because we must determine the aircraft’s
motion as referenced to an axis system not rigidly attached to the airplane. In
essence, we must determine the motion of the body axis relative to another
axis system that is not attached to the airplane. The axis system most often
used is the moving Earth axis system. This system assumes the Earth is flat,
that the axis system moves with the airplane, and that true north is the princi-
ple reference.*

Both dynamic longitudinal motions behave, as do all second order systems,
like the spring-mass-damper system that most of us who took higher mathe-
matics studied in our first course in differential equations. Figure 22.1 shows
the typical spring-mass-damper system as described in most differential equa-
tions textbooks. '

Assuming zero friction, the equation of motion for this system is shown in
Eq. (22.1).

. c. k F(®)
X+—x+—x=—=
. m m m

(22.1)

The standard form of a second order ordinary differential equation with
constant coefficients is shown in Eq. (22.2).

¥+ 2w,x + ok = £ (22.2)
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Fig. 22.1 Spring-mass-damper system.
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When we compare the two equations we see that the natural frequency, w,, is
described by the equation: "

k

and the damping ratio, {, is expressed by the equation:

c

2/Tm

Since we cannot solve second order differential equations directly, we must use
some mathematical tricks. One such mathematical trick is called the Laplace
transform. ' ’

The Laplace transform changes a higher order differential equation that we
cannot solve into an algebraic equation that we can solve. The Laplace trans-
form uses a complex variable “S,” sometimes called the Laplace operator,
which can be described by its real and imaginary parts in the form:

{ = (22.4)

S=0+jw U (225)

This complex variable is often described by plotting it in the complex plane
(or S plane). In this plane the real part, g, is plotted on the X axis while the
imaginary part, w, is plotted on the Y axis. From the standpoint of dynamic
stability, values for roots of the characteristic equation that fall to the right of
the imaginary axis represent a stable system, while values that fall to the left .
of the imaginary axis are unstable. Roots of the equation that fall on the real
axis represent a motion of the system that is non-oscillatory, or deadbeat. If the
roots have an imaginary component they represent a system that is oscillatory.
- The frequency of the ‘oscillation increases as the roots move away from the real

axis. . T
Most important for our purposes is that by use of a Laplace transform a
differentiation 'in' time is transformed into a multiplication by the Laplace
operator “S™ and an integration in time is transformed into a multiplication by
“1/8."

In the spring-mass-damper system, such a transformation of the characteris-

tic equation results in a second order polynomial in “S” such that:

St 4+ 2w, S+ wt=0 . (22.6)
In this equation the term 2{w, is called the damping term and the term w? is
called the frequency term. The Greek letter { is called the “damping ratio.”
One should note the difference between the damping ratio-and the damping
term as the difference is important. In dynamic motion the {.can be described
by -the number of overshoots that occur during the damped oscillation. The
damping term can be described as inversely proportional to the time to damp.
Now that we have examined oscillatory systems and Laplace transforma-
tions, let us return to the airplane and dynamic longitudinal motion which can
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be described by two equations that are similar to the spring-mass-damper equa-
tion just discussed. First, let us examine the long period motion or longitudinal
phugoid.

22.3 Long Period or Phugoid

. The phugoid mode is essentially an airspeed and altitude oscillation at a
near constant ‘angle of attack. This mode has such a long period that even
large ‘changes in the frequency of the oscillation do not make a significant
difference to the pilot, providing there is a natural horizon with which to detect
pitch changes. However, during instrument flight a lightly damped phugoid
presents a problem because of the attention required to keep the airplane on
the pilot’s selected airspeed and altitude.

The phugoid mode is characterized by an alternately climbing and diving of
the airplane, with airspeeds higher than trim at the bottom and lower than trim
at the top of the oscillation. During these oscillations the airplane trades poten-
tial energy for kinetic energy and vice versa. If we fly along side in another
airplane at a constant airspeed, the test aircraft appears to rise and fall like a
mass on a spring. At a constant angle of attack the high speed at the bottom of
the oscillation produces excess lift. The low speed at the top of the oscillation
causes a reduction in lift that produces a net down force. The up force at the
bottom and the down force at the top act like the spring constant in the spring-
mass-damper system. The airplane drag acts like the damper in the system
since it increases with increasing airspeed and decreases with decreasing
airspeed. Thxs action tends to return the aircraft to the neutral or trim airspeed
.condition. ‘

Since the phugoid acts like a spring-mass-damper system we may use the
techniques, for solving the equations of such a system to solve the phugoid
... related longitudinal equat1ons to determme the -important parameters of the

- phugoid motion.
If we write longitudinal equatlons in determinant form we have:'

drag characteristics S+D, D,—g g

lift characteristics L,ju, S+L,/u, -S =0

pitching moment characteristics | —M, ~ —M,S — M, - S* — M;S
where |

S = Laplace operator
g = acceleration due to gravity
u = horizontal velocity
= initial horizontal velocity or trim airspeed
o = angle of attack
¢ = rate of change of angle of attack
6 = pitch attitude
8 = pitch rate
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D, = 8Dn/l ou = change in drag with change in horizontal velocity divided
by airplane mass '
aD/ o« . . . ..
D, = = change in drag with change in angle of attack divided by
airplane mass
oL/ou . yep s . . T
L}, = =_change in lift with change in horizontal velocity divided by
airplane mass . A ’ ’
3L/ e e -
L, = e change in lift with change in angle of attack divided by the
airplane mass
M, = BA/j/Bu = change in pitching moment with change in horizontal
” velocity divided by the moment of inertia in pitch, a speed
_ stability term
M, = Bﬁfi/acc = change in pitching moment with change in angle of attack
” divided by the moment of inertia in pitch, an angle of attack
stability term ‘
M, = 81\/;/30( = change in pitching moment with rate of change of angle of -
» attack divided by the moment of inertia in pitch, a
downwash lag term
My = 8&;/69 = change in pitching moment with pitch rate divided by the
Y moment of inertia in pitch, a pitch rate damping term

If we make simplifying assumptions to this determinant for the. phugoid
case,’ (that angle of attack remains constant and that the pitching moment
characteristics cancel one another) then the determinant simplifies to what is
called the phugoid minor. ' :

‘S-&-Du g

L/4, —Sl =0

By solving this determinant we obtain the characteristic equation for the
phugoid:'?

S* +D,S + g(L,/u,) =0 o (22.7)

The roots of this equation yield considerable information about the phugoid

" and we will discuss that in more detail later. In addition, evaluating the equa-

tion using the methods for spring-mass-damper systems will yield several other
important parameters. These parameters are:?
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1) Natural frequency o,

w, = v2(g/u,) (22.8)
2) Period P,
= 1384, (22.9)
where ' ' ‘
u, is in f/s

3) Damping ratio {,

0.707

) (22.10)

- So
{,=1/v2 Z,

The equations just given only provide an approximation of the phugoid
parameters. They may be used, however, to provide estimates of the parameters
prior to actual measurement in flight tests.

As mentioned earlier, we may also evaluate the phugoid by use of the roots
of Eq. (22.7). To do this we use the complex plane to plot the roots since
some will have imaginary components. In the case where there are imaginary
components to the roots the phugoid will be oscillatory. If the roots are real
numbers then the phugoid motion will not oscillate. If the roots fall upon the
right hand or positive side of the imaginary axis the phugoid motion will be
unstable and if they fall on the negative side the motion will be stable or
subside. So, it is easy to see that much can be learned about the phugoid
motion by plotting the roots. Fig. 22.2 (Ref. 1) shows the classic phugoid roots
for a condition where the c.g. is somewhere forward of the stick-fixed neutral
point. (The short period roots are also shown and will be discussed later.) .

In the case shown in Fig. 22.2 the phugoid is stable, oscillatory, and li‘ghtly A

damped. As we move the c.g. aft toward the neutral point, the frequency of
the phugoid decreases, the period becomes longer, and the damping remains
nearly constant. The roots move toward the real axis as is shown in Fig. 22.3
(Ref. 1).

If we continue moving the c.g. aft the oscillation will cease and the motion
will become aperiodic. This is represented in Fig. 22.4 (Ref. 1) by the roots
becoming real. This usually occurs just forward of the neutral point.

Once the c.g. is moved aft of the neutral point, one root becomes real and
positive as is shown in Fig. 22.5 (Ref. 1). This indicates a pure divergence and
is what we might expect from a statically unstable airplane.

22.4 Short Period

The airplane short period motion may be further divided into: 1) airplane
short period—stick fixed; and 2) airplane short period—stick free.

Both of these cases can be said to take place with the airplane at a constant
velocity with changes occurring in pitch attitudes and angle of attack. The

B R R T,
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Fig. 22.4 Longitudinal dynamic stability roots when the c.g. is just ahead of the
neutral point.}

restoring tendency for the pitch oscillation is provided by static stability
while the amplitude of the oscillation is decreased by pitch damping. Due to
the nature and frequency of the short period motion it is more closely related
to the maneuvering tasks. The short period frequency is relatively high
having a period that generally ranges between 0.5-5s (Ref. 3). Fortunately, for

/ Phugoid Roots
reaiy

N

X
X
-~

Short Period
Roots

Fig. 22.5 Effects upon dynamic lengitudinal stability roots when the c.g. is moved ;
aft of neutral point.! :§
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conventional subsonic airplanes the airplane short period motion is normally
heavily damped. Times to damp to half amplitude for such aircraft are about
0.5s (Ref. 3). However, for subsonic airplanes with reversible control systems,
it is possible to have a stick-free airplane short period with weak damping or
even unstable oscillations. This may occur because of a coupling of motion
between the airplane short period pitching and elevator rotation about the
hinge line.> Such short period motion can be quite dangerous since its period
varies between one and 2s. This finie corresponds closely with pilot response
time, and rather than damping the motion the pilot may actually increase it.

As we have just discussed, both the damping and frequency (or period) of
the airplane short period have a profourd effect on the longitudinal flying
qualities, particularly when related to maneuvering tasks. Therefore, short
period data is normally presented in plots of undamped natural frequency w,,,
and the damping ratio { sp (see Fig. 22.6)." This plot is sometimes called the
short period thumbprint.” However, in flight the pilot does. not sense the
undamped natural frequency w,_, but senses the damped frequency w,_,. This
frequency is dependent upon the damping ratio {sp as well as the unéamped
natural frequency w,,. However, it is easier to understand the effects of short
period frequency and damping if we discuss varying only one parameter at a
time. -

First, let us assume that the damping is satisfactory and constant. In such a
case, medium to high values of w,, provide a satisfactory airplane response
for maneuvering tasks. If the natural frequency is low, then the pilot may think
that the airplane is sluggish or tends to dig in. However, once it does respond
it may respond too much. The pilot may also find the airplane hard to trim. If
the short period natural frequency is very high the airplane tends to respond
too quickly, making any precise tracking task difficult. If the frequency tends
toward the low end of the very hi§h range, it may be possible to improve hand-

“ling by increasing F, /g gradients. 2 .

Now let us hold the short period natural frequency w, , constant and vary
the damping. The damping strongly -affects the time of response and the
airplane to longitudinal control inputs or external disturbances. When the
damping decreases to a value less than 0.5 the pilot becomes aware of the
short period oscillation. Even though the pilot is aware of the motion it is still
heavily damped. At very low values of damping the short period is easily
excited by pilot inputs. Maneuvering forces will feel lighter than they actually
are because the airplane will respond faster than the pilot thinks it should. At
moderate-to-good values of damping the short period motion is no longer
apparent to the pilot, and maneuvering tasks may be performed without undue
effort. When short period damping is increased into the heavy range the
airplane response becomes slower and slower. The pilot must force the initial
response by large control inputs and will usually describe the airplane as slug-
gish. Therefore, at a constant value of w,, the pilot’s opinion may be varied

- from overly responsive to sluggish by changing short period damping. This, of
course, is similar to the opinions obtained when we held damping constant and
varield2 4natural frequency, and points out the usefulness of the thumbprint
plot.”*

. We have been discussing the effects of short period natural frequency and
damping. Now let us determine the components of the longitudinal equations
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Fig. 22.6 Short period thumbprint.!
that affect these values. For the short period we can assume that the airspeed
remains constant during the motion. In addition, we can assume that the drag
does not have an effect upon the short period and that it is not affected by
pitch attitude. We will also ignore the effects of compressibility. When we
make these assumptions, the longitudinal determinant reduces to:'

S+L,/ju, -1

MM, S—My| ="
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or what might be described as the -short period minor. When we solve
this detlerminant ‘we have the characteristics equation for the short period
motion: :

S+ Lo/, — My — Mp)S + My, + (Lo /u)My] = 0 (22.11)

In the same manner as used for the phugoid we can determine the undamped
natural frequency of the short period.! ’

2P,M, X,
O, = /ﬂ—la—z SECLu(——_C—g-— m) (212)
P4

y = ratio of specific heats (1.4 for air)
P, = absolute pressure in pounds per square foot
M = Mach number
Cy, = lift curve slope

where

Yo _

= . = nondimensional distance between the airplane c.g. and the stick-

fixed maneuver point
S = reference or wing area
¢ = mean aerodynamic chord

An equation for the damped natural frequency of the short period may also be
derived if we assume:'

M,=0 and L,/u,=—M,; (22.13)

With these assumptions the equation for damped natural frequency is:!

Wa,, = /=M, (22.14)

The damped short period natural frequency is only a function of angle of
attack stability.
The equation for the short period damping ratio {sp is:!

(22.15)

{ C, Chpeac? — Cy a
Csp - :
¢ X /g 21
2\/——C—CL (ﬁ—Nm> ”

Iyy 1 ¢

where
. W = aircraft weight

A detailed study of Eqgs. 22.12 and 22.15 will reveal much about the short
period motion. As with the phugoid, the short period motion may also be
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evaluated by use of the root locus plot in the complex plane Effects of shifting
the c.g. aft are also shown for the short périod in Figs. 22.2-22.5.

22.5 Elevator Short Period

The elevator short period motion is essentially a flapping motion of the
elevator about the hinge line. It is sometimes mistakenly thought to be control
surface flutter. In most cases the motion is heavily damped and has ‘a typical
period of from 0.3 to 1.5s with times to one half amplitude of approximately
0.1s (Ref. 3). Cases of poorly, or neutrally, damped elevator short period have
occurred on airplanes with both elevators and stabilators. In the case of eleva-
tor controlled airplanes, the cause is usually a convex control surface that does

“not have equal curvature on both sides. On stabilator controlled airplanes it
may occur when geared tabs, which are used to provide control force, have
their gearing ratio set too high.
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~....-Dynamic Longitudinal Stability Flight Test
| . Methods’and Data Reduction

23.1 ‘lntroductidn

Since dynamic longitudinal stability involves evaluating the response of the
airplane over a period of time, the flight test methods must, by necessity, differ
from those required for static stability. In addition, we must also consider more
sophisticated methods of data collection since the aircraft responses may be
oscillatory and of short duration. Let us, again, separate the discussion into
methods to evaluate the phugoid and methods to evaluate the short period.

23.2 Federal Aviation Administration Regulations

The FARs only address the short period mode of dynamic longitudinal
stability. They do not address the long period longitudinal dynamic stability—
or phugoid—mode of motion. The reason behind this is that the long period
mode of motion can be easily damped by the pilot under visual flight condi-
tions. However, some more recent research has shown that an undamped
phugoid may create problems during instrument flight. The FAA has in recent
amendments revised the regulation to reflect the change.in thinking on the .
phugoid. In any case, an airplane will possess better flying qualities if the
phugoid motion is damped, so it should not be ignored just because there is no-
regulation to cover it.

23.2.1 Civil Aeronautics Regulation 3 (Ref. 1)

CAR 3.117 provides the requirements for dynamic longitudinal stability for
airplanes certified under this regulation. It says that any short period oscillation
that occurs between stalling speed and the maximum permissible speed shall
be heavily damped with the controls held fixed and with the controls free.

23.2.2 Federal Aviation Regulations Part 23 (Ref. 2)

FAR 23.18! through amendment 14 reads essentially the same as CAR
3.117. However, later amendments to FAR Part 23 have added two prov-
isions. One of these provisions deals with the use of a stability augmentation
system. If such a system is used then the requirement for short period damp-
ing with controls fixed is eliminated. The second provision of the later FAR
Part 23 deals with the phugoid motion when the controls are released from a

247
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displacement of £=15% of the trim speed. It requires that the airplane should
not exhibit a dangerous characteristic and that the phugoid motion should not
be so unstable as to increase the pilot’s workload or otherwise endanger the
airplane.

,’23 2.3 Adwsory Circular 23-8A (Ref. 3)

Adv1sory Circular 23-8A- discusses what is meant by a heavily damped
short period motion in the regulation. It says that qualitatively the motion
should appear to the pilot to be “deadbeat,” which means no apparent over-
shoots. If there are apparent overshoots, then the aircraft should be instrumen-
ted and the airplane shown to be damped within two cycles.

The advisory circular discusses flight test techniques for evaluating the short
period including the pulse input and the doublet input, which are discussed
later in this chapter. The advisory circular also states that the short period
should be evaluated for all of the flight conditions where statxc longitudinal
stability is evaluated.

A discussion is also included regarding stability augmentation systems
(SAS) and how to evaluate the aircraft when one of these systems is installed.

23.3 Flight Test Methods for Evaluating the Phugoid

-The flight test method for measuring the phugoid motion is quite simple.
First, the aircraft is trimmed to the test trim speed and the test configuration of
power, gear, and flaps established. Once in configuration and trim, the airspeed
is displaced 10-15kn from trim by use of the elevator control. The elevator is
then returned to the trim elevator position using control movement near the
aircraft’s long period frequency and the resultant airplane oscillation recorded.

The airspeed may be displaced either above or below ‘the trim speed.
Normal procedure is to- observe phugoid motions from- displacements both
above and below trim.

Also, once returned to the trim position the control stick may be either held
fixed or released. Again, both approaches should be tested since differences
between the stick-fixed and stick-free cases normally exist.

Data may be recorded by a data collection system or, since the frequency is
low, by hand.

23.4 Phugoid Data Reduction

To reduce the data, first make a plot of equivalent airspeed vs time, as is
shown in Fig. 23.1, for all cases tested. On top of this plot, plot a subsistence
envelope (also shown in Fig. 23.1).

From the plot in Fig. 23.1 determine the amplitude ratio X, /X, . With the
resultant amplitude ratio, enter Fig. 23.2 (Ref. 4) and determine the damping
ratio {. If the phugoid is erratic it may be necessary to measure several subsis-
tence ratios and determine resulting damping ratios. The damping ratios may
then be averaged to come up with an average damping ratio for the motion.
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Once -we have damping ratio we may determine the undamped natural
frequency ), from the equation:

P (23.1)

(] \/-1—_-475
where
f = Acycles/Atime

We may then wish to make plots of phugoid frequency vs airspeed and damp-
ing ratio vs airspeed. for comparison with applicable specifications or regula-
tions. We may also make plots of the phugoid roots using the natural
frequency and damping and by knowing that:

{ =cosd (23.2)

and using Fig. 23.3. Knowing the value and location of these roots may be
useful in tailoring autopilots or in later modifications to the airplane.

23.5 Short Period Flight Test Methods

As might be expected, different techniques are used to test the airplane and
elevator short periods. ‘ o
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23.5.1 Airplane Short Period®%7

First, let us discuss the methods to evaluate the airplane short period. There i
are three methods used to excite the short period. They are 1) doublet input; 2) :
" pulse input; and 3) 2-g pull-up. o

The doublet input-is a very good method for evaluating the short period,
because in addition to exciting the short period motion it tends to suppress the
phugoid. To perform the doublet input, the pilot first trims the aircraft to the
test condition. The test instrumentation is started, and the pilot rapidly moves
the control nose down, then nose up, then back to trim. Once the control is
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Fig. 23.3 Root locus plot.

returned to trim, it may be either held in the trim position or released, depend-
ing upon the type of short period (stick-fixed or stick-free) to be evaluated.
Data recording should continue until all short period motion has subsided. In
testing the short period, the pilot should try several different doublets, in which
the frequency of the input is varied, until the frequency that best excites the
aircraft’s short period frequency is found. Due to the shortness of the motion,
data recording will need to be done using an automatic recording device,
unless only the number of overshoots is recorded.

The pulse input might be described as one half of a doublet input. In
performing the pulse input, the control is only moved forward,. or aft, of trim,
but not both as in the doublet. The pulse input is not as good a method for
evaluating the airplane short period as is the doublet input, because it tends to
also excite the phugoid. This makes it difficult to reduce the data since it may
be hard to separate the short period motion from the phugoid motion. However,
it may be necessary to use the pulse method for airplanes that have a very
high short period frequency.

The 2-g pull-up method is also a good method for evaluating the short
period, since it too suppresses the phugoid. It is a very good method for -
airplanes that have a low short period frequency. To perform the 2-g pull-up
method the pilot first trims the aircraft to the test condition, records the trim
data, and then starts a pull-up decreasing airspeed and increasing altitude. The
pilot then pushes the nose over and enters a dive in a fairly steep nose. down
attitude. As trim airspeed and altitude are approached the aircraft is smoothly
rotated so as to achieve trim airspeed and attitude at the same time. When this
occurs the control stick is rapidly returned to trim and released or held fixed
depending upon the short period to be evaluated. The 2-g pull-up method

. provides a large amplitude input for testing short periods with heavy damping.

However, it does require considerable pilot skill and proficiency in performing
the maneuver. '
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23.5.2 Elevator Short Period

To evaluate the elevator short period the pulse method described in the
preceding section is used. As might be expected the elevator short period is
always evaluated stick free and should normally be heavily damped. Also, as
mentioned in the theory, it only has meaning for a reversible control system.

23.6 Short Period Data Reduction

The airplane short period natural frequency and damping ratio may be
found using the procedure shown in Fig. 23.4 (Ref. 4). Once these values have
been obtained they may be plotted on the short period thumbprint for evalua-
tion as is shown in Fig. 22.6. Short penod roots may also be plotted using the
methods shown for the phugoid.

For well-damped systems, the elevator short period is evaluated by counting
the number of overshoots of the trim position. A more detailed investigation of
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the elevator short period is not warranted unless low damping exists or data
are needed for handling qualities improvements. :
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- 24
Longitudinal Maneuvering Stability Theory

24.1 Introduction

In order to perform their mission all airplanes must maneuver. We can say
then that maneuvering stability is important for all airplanes, with the degree
of importance relating to the mission of the airplane. The level of positive
maneuvering stability also depends on the mission of the airplane much in the
same way that the level of static longitudinal stability depends on the airplane’s
mission. When the airplane maneuvers it has a curved flight path and is subject
to a normal acceleration. The amount of normal acceleration an airplane can
withstand is a function of its structural design load factor. The lower the
design load factor the more positive maneuvering stability the airplane should
exhibit, or the more difficult it should be for the pilot to over-g the airplane.
Using this logic, we would expect the transport or bomber aircraft to have a
high level of positive maneuvering stability, while the fighter has a lower level.
This makes sense because we want the pilot of a fighter to be able to easily
maneuver the airplane.

Both the military specifications and the FAA regulations contain some
requirements for a level of positive maneuvering stability. This is only a recent
requirement with the FAA regulations, however, as earlier regulations did not
contain any requirements for maneuvering stability.

The pilot may maneuver the airplane-longitudinally in a number of manners,
performing wings level pull-ups, push-overs, or may bank the aircraft and turn.
The pilot may also use any combination of these maneuvers.'*> For the
purposes of this discussion, we will confine our remarks to a discussion of
steady pull-ups and steady turns at a constant airspeed. In both of these
maneuvers, the airplane has an increased angle of attack, and lift coefficient,
over the same trim airspeed in level flight. The airplane also exhibits a rate of
rotation about its center of gravity.' This rate of rotation about the aircraft c.g.
causes an airflow at the horizontal tail that is in the same direction as the direc-
tion in which the nose is pitching (see Fig. 24.1).% This apparent flow changes
the relative wind at the horizontal tail which in turn changes the tail angle of
attack as is shown in Fig. 24.1. This change in effective angle of attack contri-
butes significantly to the stability of the airplane in maneuvering flight. This
contribution is directl?' dependent on the pitch rate of the airplane if we hold
the airspeed constant.' If we hold the airspeed constant, then the pitch rate is a
function of the normal acceleration. :

The pitch rate 6 relationships for a steady pull-up and steady level turn are
shown below:'
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Steady pull-ﬁp

Opy = g——(",," ho (24.1)

where
8 = pitch rate in rad/s
g = acceleration due to gravity, ft/s?
. n = normal acceleration, g
V= trué airspeed, ft/s
Steady level turn

Osr = (g/V)(n —1/n) (24.2)

Since the pitch rate is a function of the normal acceleration, and it is the pitch
rate that causes the pilot to use more or less elevator deflection and longitudi-
nal contro] force during maneuvering flight than during nonmaneuvering flight,
then the normal acceleration n is generally used as the independent variable for
maneuvering stability.: Therefore, in flight testing, the parameters “stick force

1. Relative wind at horizontal
tail prior to maneuvering
and original tail down load

2. Relative wind at horizontal

tail during maneuvering
causing reduced tail down load

Fig. 24.1 Change in relative wind at the horizontal tail due to maneuvering.
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fer g” and “elevator position per g” are used as indexes of maneuvering stabi-
ity

As we would suspect, the elevator positions required to maintain a given
airspeed in maneuvering flight are not the same as those required for the same
airspeed in level, unaccelerated flight. This difference m elevator angle can be
translated into a pitching moment due to pitch rate.! The equation for this
moment is:' '

2
M, =-aq IVB .S, (24.3)

cga

where
a, = lift curve slope of the horizontal tail
l; = length of the “tail arm” in feet
g, = dynamic pressure at the tail in pounds per square foot
S, = horizontal tail area in square feet
Vr = true airspeed in feet per second

If we write this equauon in coefﬁment form, we have the pitch rate dampmg
coefficient, which is expressed as:'

~

Cp, = =221,V EI . (24.4)

where

n, = tail efficiency factor
V = tail volume coefficient
¢ = MAC of wing in feet

~In light of this past discussion and ‘in keepirig with the terminology used for
static stabthty, we discuss maneuvering stablhty as either 1) elevator position
maneuvering stability or 2) stick-force maneuvering stability.

24.2 Elevator Position Maneuvering Stability

First let us turn our attention to what might be described as stick-fixed or
elevator position maneuvering stability. The elevator posmon for steady wings
level pull-ups at a constant airspeed can be stated as:!

Lo
5 s _Lﬂ{(ﬁ) NCL:. O YOS
Sfixed

v TR G 1/2pgV2 | \dC, 4(W/S)
where ‘ '
d, = elevator angle for C;, =0
C,. = elevator control power

ms,
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If we differentiate Eq. (24.5) with respect to the normal acceleration, we have:!

@ 1 WS [[ac,\ | pgd

An examination of Eq. (24.6) shows that the d,/dn term carries a negative
sign. This is because more up elevator is required to stabilize the airplane at

.« load: factors. above n = 1.

Another interesting item shown by Egs. (24.5) and (24.6) is that the maneu-
vering stability equations contain two terms. The first term is esSentiaHy the
stick-fixed static stability of the auplane while the second term 1s provided by
the pitch rate of the airplane. It is called the pitch damping term.!

The equations corresponding to Egs. (24.5) and (24.6) for the steady tumn
case are as follows:!

1 w/S dc, CryP8C
=4, — - 24,
P =%, l/zfaorfs{(dcz)ﬁmd”J’zt(W/S)(” Ymp G4

() o 2| (42)_+Staim] o
Sfixed

dn Com, 1/2p0V2 | \dC, 4w/s)

It is interesting to note that the only difference in Eqs. (24.5) and (24.6) and
Egs. (24.7) and (24.8) is in the damping term. It can also be seen that at high
normal accelerations this difference becomes insignificant.

Aft movement of the c.g. affects the stick-fixed maneuvering stability in

much the same way that it affects longitudinal stability. However, in addition to
affectmg the stability term (dC,,/dC;)p., it also affects the damping term.
This is  because the tail arm changes as the c.g. moves aft, causing the damping
term to decrease also. When the c.g. reaches the stick-fixed neutral point,
dd,/dn is only dependent upon the damping. If we continue aft movement of
the c.g. the damping term also reaches zero and dd,/dn = 0. This c.g. position
is called the stick-fixed maneuvering neutral point or stick-fixed maneuver
point Ny, If the stick-fixed static longitudinal stability is the same in maneu-
vering flight as in level flight, then the stick-fixed maneuver point should
always be aft of the stick-fixed neutral point.' Fig. 24.2 (Ref. 1) shows the
effects of c.g. shift on the elevator position vs load factor plot.

Altitude effects on the stick-fixed maneuvering stability must be evaluated
in two ways. First, the effects are evaluated at a constant equivalent airspeed.
This is shown in Fig. 24.3 (Ref. 1). If ¥, is held constant, the (dC,,/dC;)swa
term of Eq. (24.8) does not change. However, the damping term is affectec(
density and decreases with mcreasmg altitude. This causes the stick- ﬁxed
marneuvering stability to decrease also.' ‘

If we now evaluate the altitude effects at a constant Mach number, we find
that the stick-fixed maneuvering stability increases with increasing altitude as
is shown in Fig. 24.4 (Ref. 1). This is because there is a slight increase in the
damping term of Eq. (24.8) and a [arge increase in the stability term when we
hold a constant Mach number with increasing altitude.'
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C. G. Moving AFT

ELEVATOR POSITION

NORMAL ACCELERATION - n
Fig. 24.2 Effects of c.g. movement on dé,/dn (Ref. 1).

If we examine Eq. (24.8) we can see that when V, is varied, there is a large
effect on dJ,/dn. This is because ¥, appears as a squared term in the equation.
The effects of varying ¥, are shown in Fig. 24.5 (Ref. 1).

24.3 Stick-Force Maneuvering Stability

In our previous discussion, we talked about one of the criteria for maneu-
vering stability, that of elevator position per g. Now let us turn our attention to
the second and more important criterion of stick force per g. This criterion is
'Lrnportant for all aircraft, but for aircraft that must do considerable maneuver-
ing, such as fighters and agricultural aircraft, 1t may very well be.the most
important single stability and control parameter.'

As was the case with stick-free static stability, we must also cons1der stlck-
force maneuvering stability for reversible and irreversible control systems.
Since, in a reversible control system, freeing the elevator will cause some float
angle due to elevator hinge moments, the stick force required to hold some
level of normal acceleration will also be affected by this float angle.
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ELEVATOR POSITION

INCREASING ALTITUDE

NORMAL ACCELERATION - n
Fig. 24.3 Effects of altitude on d8,/dn at a constant equivalent airspeed.’

The irreversible control system is not affected by elevator float since it is .
~ held rigidly fixed by its servo mechanism. This mechanism may introduce an_
artificial float due to system design, or may have designed in some mechanism
to vary stick force per g, so they too must be considered.

24.3.1 Stick-Force Maneuvering Stability—Reversible Control
System '

First let us consider the reversible control system. The equations for the
stick force during a win%s level pull-up or a level turn at constant airspeed can
be expressed as follows:

74 Chr dC 2
F =K e =m e _
$hu S Cp, (dc) EE[VZ "

Cirim

Xy . T

{ . C/x;
+Kzoletn - 1[G, -2}

(24.9)

w G, (dC V2 1 G,
F K—S: h.of ( m> l < _n} +K§pl,g(n_ - 1/”){CI:,’ ‘“_lm‘}
Sfree .

Sst

Cm i dC L Crim T

(24.10)




LONGITUDINAL MANEUVERING STABILITY THEORY 261

Iy
ALTITUDE
INCREASING
Z
Q
&
7}
@]
o
o]
]
<
>
)
-l
o)
0 i 2 3 4 5
NORMAL ACCELERATION - n
Fig. 24.4 Effects of altitude on d&,dn at a constant Mach number.'
where

K = control system gearing constant
T = rate of change of effective angle of attack with change of elevator deflection

To determine the stick force maneuvering stability, we differentiate Eqgs.
(24.9) and (24.10) with respect to the normal acceleration and have:'

dF w Ch, (dC, L Ci, |
(&), =5 o (5@), artelen -] .
PU m;, ree
EY 7 O (4G ikl ga e, - %) @an)
dn ) S Cp,, \4C1 /e 7phg(l +. by T .

Again, we can see from these equations that the only difference between the
pull-ups case and the level turn case is the pitch rate difference. This difference
also becomes less significant as normal acceleration increases. These equations,
like their elevator position per g counterparts, also contain two terms. The first
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ELEVATOR POSITION

SLOPE 1 Vo

SLOPE 2

IF VcZ = zvel
SLOPE 2 = 1/4 SLOPE 1

+- +

0 1 .2 3 4 5
NORMAL ACCELERATION - n

Fig. 24.5 Effects of varying equivalent airspeed on d8,/dn (Ref. 1).

term lis'the stick-free stability term while the second term is a pitch damping
term. .

The c.g. location will affect the stick-force maneuvering stability much in
the same way it affects the elevator position case. As the c.g. moves aft, both
the stability term and the damping term become smaller.! As we would expect,
the stick-free maneuver point is aft of the stick-free.neutral point but, in most
cases, ahead of the stick-fixed maneuver point.

If we increase altitude at a constant c.g. position, we find that the stick
force per g decreases with both constant equivalent airspeed and constant
Mach number. For the constant Mach number case, this is the reverse of what
happens for elevator position per g.

If we vary the equivalent airspeed from that of trim, the stick force in
maneuvering flight will vary considerably due to the VZ term in the stick-free
stability portion of Eqs. (24.9) and (24.10). The stick force per g will not vary,
however, due to the fact that the V2 term has dropped out of Egs. (24.11) and
(24.12). This fact can still cause problems in the measurement of stick force
per g if airspeed is not held at a constant value during measurement.! See
Fig. 24.6 (Ref. 1). ' '
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-5 KTS

& STICK FORCE ‘

- CURVE IF TRIM AIRSPEED
S TRIM AIRSPEED

Q IS MAINTAINED +5 KTS

5 /

Q

B

[7p]

9’

/ MEASURED STICK FORCE WHEN
/ TRIM AIRSPEED NOT MAINTAINED

NORMAL ACCELERATION - n

Fig. 24.6 Effects of not maintaining trim airspeed while collecting F; vs n data.!

24.3.2 Stlck-Force Maneuverlng Stability—rreversible Control
Systems

Now let’s turn our attention to the irreversible control system. There are
several items for irreversible systems that are the same as reversible systems.'
For instance: the same relations of control force exist between steady turns and
pull-ups: i.e., more force is required in steady turns; the stick force per g
decreases as c.g. moves aft; and poor .speed control durmg measurement of
stick force per g can result in erroneous data. !

First, we shall examine an irreversible control system in whxch the control
force is proportional to the elevator deflection, or: !

F, =K,A6, : (24.13)

where
K, = a constant that describes the characteristics of the system
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For this ty;pe of system the stick force per g equatxon in steady turns can be
written as:

dFs __ K[ W/S 99—”1 C _ s
<E>ST"—5;1/2pongm{(dCL)ﬁ 4(W/S)(1 l/n)} (24.14)

It isinteresting to note from this equation that Sthk force per g is dependent
on stick-fixed stability rather than stick-free stability.” -
If we have an irreversible system that mcorporates a dynarmc pressure
sensor so that:' ' » :

F, = KyqAS, - (24.15)
S N

where
K, = the constant describing the charactensncs of the control systern

The stick force per g for this “g-feel” system may be written as:!

dFs . Kz(W/S) Cmgpg" ,
<—&;)ST C,,,JH [<dcﬁ>ﬁred+ 4(W/S)( —1/n )} (24.16)

For this system the influence of the trim a1rspeed on stick force per g is the
same as that for the reversible control system.'

24.4 Compressibility Effects

When the airplane enters the regime of compressibility, two things happen
that affect the maneuvering stability. First, the wing aerodynamic center shifts
aft. This causes a large increase in static longitudinal stability In addition, .
shock waves ‘may form on the horizontal tail and limit conrro effectiveness.
Both of these effects tend to increase maneuvering stability.'
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Maneuvering Stability Methods
, ’a‘rp_d Data Reduction

25.1 Introduction

Like other areas of stability and control flight testing, evaluation of maneu-
vering stability requires significant inputs from the test pilot on the suitability
of the aircraft to perform the maneuvering task of its mission. These inputs
should be in addition to the qualitative evaluation of the airplane’s ability to
meet applicable regulations or specifications. The test pilot may form an
opinion of the aircraft’s suitability to perform the maneuvering task of its
mission from flights other than the quantitative maneuvering flight test.
- Because of this we will discuss the factors making up pilot opinion and the
quantitative evaluation separately.

25.2 Federal Aviation Administration Regulations

FAA regulations prior to FAR Part 23, Amendment 14, did not contain any
requirements for maneuvering stability. This lack of requirements led to a
number of accidents with airplanes that had low values of maneuvering stabi-
lity and a requirement was added to the later versions of FAR Part 23.

25.2.1 Federal Aviation ﬁegdiation Part 23.155 Elevator Control
Force in Maneuvers’ ST y L.

With Amendment 14, FAR 23.155 was added to the regulation. It states that
the elevator control force in pounds necessary to achieve the positive limit
maneuvering load factor must not be less than the greater of the takeoff gross
weight/100, or 201b, for airplanes with wheel controls. For airplanes with
stick controls these values change to the takeoff gross weight/140, or 151b.
However, the force need not be greater than 501b for wheel controls or 351b
for stick controls. These forces are measured in a turn with the trim setting
used for level flight at a trim airspeed of ¥, and 75% powet for reciprocating
engines or maximum continuous power for turbine engines. The trim airspeed
should not exceed ¥yz or Vio/Myo, Whichever is appropriate. The regulation

also states that there should be no excessive decrease in the slope of the stick
force per g curve as the load factor is increased. '

25.2.2 Advisory C‘ircu_laf No. 23-8A (Ref. 2)

* Although FAR 23.155 specifies that the F,/g is to be measured in a turn at
the level flight trim speed it does not specify a method. The advisory circular
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also does mot specify a method. Therefore, either the steady turn or windup
turn methods discussed later could be used. The advisory circular does give
some cautions regarding stick-force lightening with potential for pitch up and
discusses that the control force can be qualitatively evaluated if the aircraft
enters the buffet boundary during the test. The advisory circular calls out two
trim airspeeds for conducting the test. One at the maximum level flight speed
.and another at the maneuvering airspeed, V. It also specifies the power setting
' to'be 75% MCP or the maximui power setting selected by the applicant as a
limitation. The advisory circular states that compliance with the regulation may
be shown in one of two ways. One way is to measure the load factor at the
maximum allowable control force of 50 or 351b, depending upon the type of
control. This method could only be uséd for aircraft that had high values of
Fy/g. The second method, which is the more normal method, is to read the
control force in even increments of load factor and plot a curve of the results.
The advisory circular allows extrapolating this curve for 0.5 g to obtain the
maximum load factor if the curve is linear, but only 0.2 g if the curve shows
force lightening. ' :

25.3 Evaluation by Pilot Opinion

A number of factors contribute to the pilot’s opinion of the airplane during
maneuvering tasks. Two items that help to form the pilot’s opinion of the
aircraft during maneuvering flight are longitudinal control system breakout
force and friction. Friction in a control system is always undesirable. High fric-
tion will cause poor control feel during maneuvering, and may mask the
airplane’s actual stick force per g gradient at low values of normal acceleration,
A reasonable amount of breakout force is desirable during maneuvering since
it can reduce sensitivity in control feel about trim, and prevent pilot induced

- oscillations. -However, excessive breakout force _rina3>1 cause the pilot to feel a
" lag in the control system and cause overcontrolling.

Another control systemt item that may affect the pilot’s opinion of the
airplane during maneuvering is free-play. Free-play in the control system
makes precise tracking task at low values of normal acceleration difficult. This
causes the pilot to fly slightly out of trim so that the plane is always on one
side or the other of the free-play dead-band. Attempts should be made to keep
control system free-play to a minimum.

Residual control system oscillations after a longitudinal control input are
undesirable. During rapid maneuvering they produce an objectionable control
feedback.’ :

Positive stick centering is a desirable feature during maneuvering since it
allows the pilot to return to trim by releasing control pressure. ,

The primary factor in the pilot’s opinion of the airplane during maneuvering
is the variation in stick force with normal acceleration called stick force per g.
The gradient of the stick force per g curve should be a function of the

- airplane’s mission, its design load factor, and the type of longitudinal control
in the cockpit.>*

First if the airplane’s mission is such that it requires extensive maneuvering
then the stick force per g gradient should not be so high as to tire the pilot. It
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should be high enough, however, to prevent madvertent over-stressmg of the
airplane.

If the airplane is designed with a low load factor such as a bomber or trans-
port aircraft, then the stick force per g gradient should be large. Such aircraft
will not be maneuvered extensively, and will normally have a control wheel
that allows for the pilot to accept larger stick force per g gradients. The control
wheel gives the pilot more leverage than does a stick control, and also allows
him to use both hands.?

An airplane with a side stick controller, such as is appearing on more recent
fighter designs, would require a very low stick force per g gradient since the
pllot cannot exert great force on-such devices.

Stick force per g is normally measured in a steady state condition. However,
the transient stick force per g gradient should also be sufficient to prevent
overstress of the airplane due to a rapid longitudinal control input. Since these
transient forces are difficult to measure, pilot opinion is normally relied on for
this information.?

Elevator position per g is also an unportant parameter in the pilot’s opinion
of the airplane. The criteria for this parameter is that trailing edge up elevator
should increase with increasing load factor. Although elevator position
per g is an important parameter to the pilot, it is not as important as stick
force per g (Ref. 3).

It has also been found that some stick motxon with increasing load factor is
important to the pilot’s opinion of the airplane.® This control motion improves
control feel for the pilot and allows him to determine when he has reached
control stops.

What has just been described are some of the factors that affect the pilot’s
opinion of the airplane during maneuvering. It is-important to seek -out the
pilot’s opinion on the maneuvering mission effectiveness, since not all of the
above factors are measurable. We would hope, however, that the factors that
are measurable would verify the pilot’s opinion.

25.4 Flight Test Methods for Quantitative Evaluation

Now let us turn our attention to the measurable quantities of maneuvering
stability and the methods we use to measure them. The most common para-
meters measured are stick force per g and elevator position per g, stick posi-
tion per g and n/x. The data obtained from these tests may be used for
comparison with regulatory requirements or for extrapolating neutral points.
There are five methods that may be used to obtain maneuvering stablhty data.
They are:

1) steady pull-ups

2) steady pushovers

3) wind-up turns (slowly varying g method)
4) steady turns (stabilized g method)

5) constant g
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25.4.1 Steady Pull-Ups®*

This ‘method involves obtaining maneuvering stability data by varying
normal acceleration with pitch rate during wings level pull-ups. To perform
this method one first establishes the trim condition at the test altitude and
records the trim data. Once this is accomplished a zoom climb should be
- entered,. without changing.trim or power settings, followed by a push-over to

" enter a shallow dive toward the trim altitude.,When the airspeed. approaches

the trim airspeed up élevator is applied-to establish- a pitch rate that will place
the aircraft back on the trim airspeed at the desired load factor. During the
short period of time that the aircraft is stabilized in this condition data should
be recorded. The magnitude of the zoom climb, push-over, and pull-up will
depend upon the desired load factor, with larger maneuvers being required for
larger load factors. _

Airspeed control is critical on this maneuver, and any data on which the
airspeed was more than = 5kn from the trim airspeed should be discarded.
Altitude should be within £200ft of the trim altitude, and pitch attitude
should be within +15° of the trim attitude. :

The normal acceleration should be increased in even steps up to the maxi-
mum acceleration desired, or the onset of stall buffet.

25.4.2 Steady Pushovers®

This maneuver is used to obtain maneuvering stability data at less than one
g It is essentially the reverse of the steady pull-up and is performed in that
manner. The minimum normal acceleration obtainable by this maneuver is
limited by the design negative load factor and the amount of down elevator
available. In most cases the down elevator limit will be reached prior to achiev-
~ ing the maximum negative load factor.

254.3 Wind-Up Turns (Slowly Varying g Method)>*

The wind-up turn is an easy method to obtain a large amount of data in a
single test maneuver. To perform the wind-up turn one must first trim the
aircraft to the desired conditions at the test altitude and record the trim data.
The aircraft is then climbed 500-1000 ft above the trim altitude, trim power
reset, and trim airspeed reobtained. The aircraft is then smoothly and slowly
rolled into the windup turn while maintaining trim airspeed. If an automatic
data recording device is installed, data may be recorded from the initiation of
the turn. If not, data should be collected in even increments up to maximum
acceleration or stall buffet. Airspeed and altitude limitations for this method

are the same as those for the steady pull-ups method. Wind-up turns would be

performed to the left and right to check for any turn direction effects on the
aircraft maneuvering stability. '

25.4.4 Steady Turns (Stabilized g Method)*

This method is used primarily for testing transport and bomber aircraft, and
for fighters in the power approach configuration. The method is performed by
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first trimming the aircraft at the test altitude, and recording the trim data. The
next step is to climb the aircraft above the test altitude and reset the trim
power. The aircraft is then rolled into a 15 deg bank, and the nose is lowered
to obtain and maintain the trim airspeed. Once the airspeed and bank angle are
stabilized the data should be recorded. The bank angle is increased another
15 deg and the procedure repeated. Data points are obtained every 15 deg up to
60 deg, and at 0.5 g increments up to the limit load factor or stall buffet after
60 deg has been reached. Airspeed and altitude limitations are the same for this
method as for the other methods.

25.4.5 Constant g Method*

This method may also be used to determine the buffet or stall envelope of
the airplane. To perform the method the aircraft is trimmed at the test altitude
and the maximum airspeed for the test. The aircraft is then placed in a constant
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Fig. 25.1 Maneuvering stability data plots.*



270 FLIGHT TESTING OF FIXED-WING AIRCRAFT
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a
Fig. 25.2 Load factor vs angle of attack.’

g tum, data recording started, and the aircraft is climbed or descended to
obtain a 2-5kn/s airspeed bleed rate. The primary parameter to maintain
during the test is the constant load factor. The airspeed bleed rate is a second-
ary parameter. The test altitude should be maintained within =200 ft. Should
the aircraft go outside this band the test should be discontinued, and started
again within the band at an airspeed slightly above where it was discontinued.
Due to the rapidly changing airspeed, this method requires the use of an auto-
matic data recording device.

[a N
=
N|®

C.G. Position (% M.A.C.)

Fig. 25.3 Maneuver point extrapolation.*
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N
z

Fig. 25.4 Stick-fixed maneuver points vs load factor.*

25.5 Data Reduction Techniques

Once the data has been. obtained by use of one of the methods just
described, we must present it in some meaningful form.

The first step in any data reduction sequence is to correct the observed data
for instrument and other errors from the calibration curves.

Next we plot stick force F, and elevator position 8, vs load factor Nz; see
Fig. 25.1 (Ref. 4). Then plot load factor vs angle of attack «; see Fig. 25.2
(Ref. 4). If all we are concerned about is comparison with specifications or

dFs
Mz

! \ \
! 1SN NN
1 JL \\\ ;\\\
. gwg ﬂ Stick Free Maneuver Points

C.G. Position (% M.A.C.)

Fig. 25.5 Stick-free maneuver point extrapolation.“‘
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N,

Fig. 25.6 Stick-free maneuver point vs load factor.®

regulations, then this may be as far as we need to go. However, if we wish to
determine maneuvering stability margin, maneuver points, and other aerody-
namic data then we must perform other steps. '

To determine the stick-fixed maneuver point N,, we need to take slopes of
the 6, vs N, curve at several values of N; for each c.g. tested. We then plot
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Fig. 25.7 Stick-force per g vs N;/a (Ref. 5).
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the values of dé,/dN; vs c.g. positions as is shown in Fig. 25.3 (Ref. 4) and
extrapolate the values of dd,/dN; =0 to determine stick-fixed maneuver
points at each value of N,. We may then obtain plots of how maneuver point
varies with load factor as is shown in Fig. 25.4 (Ref. 4).

The stick-free maneuver point may also be determined in a similar manner
as is shown in Figs. 25.5 and 25.6 (Ref. 4).

If we need to know if the local stick force per g gradient meets the require-
ments of MIL-F-8785B, then we may wish to- construct a log-log plot of
F,/N; vs N;/a such as is shown in Fig. 25.7 (Ref. 5).
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26
Longitudinal Control and Trim Theory and
' Flight Test Methods

26.1 Introduction

In our past discussions we have spoken mostly of the various types of longi-
tudinal stability and how stability is affected by center of gravity travel. In
every case we can say that stability is critical at the ‘most aft c.g. and that the
most aft c.g. limit is usually set by longitudinal stability considerations. All of
the forms of longitudinal stability become more positive as the c.g. moves
forward. , :

Elevator control power C, ~does not increase as rapidly as Iongltudmal
stability does as the c.g. movés forward, and as a result the forward c.g. is
limited by control power. This is especially true when the airplane is operating
in ground effect, such as during takeoff and landing. When a wing operates in
ground effect the downwash at the tail is reduced due to a decrease in the
wing tip vortices.! This decrease in downwash at the tail creates a requirement
for additional up elevator in order that the airplane can be rotated to the angle
of attack for Crmax- These two factors make the airplane control power limited
at forward c.g. in the takeoff or landing configuration.

The ability of the trimming device to trim out longitudinal control forces
throughout the speed range of the airplane is also subject to ¢.g. location. In’
this. case the aft center of gravity is critical for high speed trim while the
forward c.g. is critical for the low speed and large flap deflection cases.

Trim change forces with configuration change are another item that should
be evaluated during longitudinal testing. It is desirable to keep trim changes
with configuration change to a minimum in order to improve the longitudinal
flying qualities of the airplane.

The regulatory requirements for longitudinal control are stated as:*

1) a maneuvering control requirement
- 2) a takeoff control requirement
3) a landing control requirement

The military specifications contain all three of these requirements, since many
military airplanes are concerned with adequate maneuvering.

The FAA regulations do not contain a specific maneuvering control require-
ment but do contain requirements for takeoff and landing control.

Both the military specifications and the FAA regulatlons contain require-
ments for longltudmal trim.

275
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26.2 Federal Aviation Administration Régulations

~ Both the Civil Air Regulations and Federal Aviation Regulations have
recognized the need for requirements for longitudinal control, trim, and trim
change during configuration change. For instance, rather than have require-
ments for takeoff distance for small airplanes, the CARs and early FARs had
instead a requirement for nosewheel liftoff airspeed and rate of climb in the
. takeoff configuration that insured takeoff within a reasonable distance. There-
" fore, the regulations looked at controllability and trimability as necessary for a
reasonable flying airplane. ' ’ . - '

26.2.1 Civil Aeronautics Regulation 3 (Ref, 3)

CAR 3.106 discusses controllability. It states that the airplane shall be satis-
factorily controllable during takeoff, climb, level flight, dive, and landing with
or without power. It also states that it shall be possible to make transitions
from one flight condition to another without requiring exceptional piloting abil-
ity, or strength, and without exceeding any limits. The strength of pilot limits
are not required to be measured unless they are near the specified limit, which
for temporary application is 601b for stick controls and 751b for wheel
controls. For prolonged application, this limit is only 101b.

CAR 3.109 covers longitudinal control and the requirements for trim
change forces with configuration change. CAR 3.109(a), the longitudinal -
control portion, requires that in both clean and landing configurations, it shall
be possible to pitch the airplanes nose down to accelerate to the best angle of
climb speed, ¥,, from airspeeds down to the stall, both power on and power
off, with the airplane trimmed to 1.4%;, if its takeoff gross weight is in excess
- of 60001b or 1.5Fg for airplanes with TOGW less than that value. CAR
3.109(b)(c) are the control forces with configuration change portion of the
regulation. There are seven configuration changes that require testing and the
control forces shall not exceed the force requirements stated in 3.106. Items I,
2, and 3 require extending and retracting the flaps while trimmed at 1.4 times .
the instantaneous value of the stalling speed. The out of trim control force
shall be evaluated after each action. This is to be performed both power on
and power off. Items 4 and 5 require the addition of takeoff power from a
condition of idle power with the airplane trimmed as in the other items. This is
to be performed from a clean configuration and a landing configuration. Item 6
requires obtaining airspeeds of 1.1V and the lesser of 1.7V, or maximum
flap extension speed with the power off and the landing gear and flaps down.
The seventh item is called out as CAR 3.109(c). It requires that it shall be
possible to maintain essentially level flight when flap retraction from any posi-
tion is initiated during steady horizontal flight at 1.1¥;, with simultaneous
application of maximum continuous power. It shall be possible to accomplish
this without exceptional piloting skill. . =~ -

CAR 3.112 states the requirements for trim. It requires for single: engine
airplanes that the airplane be capable of being trimmed to hands-off flight in
three different flight conditions in several different configurations. The first
flight condition is climb at maximum continuous power. In that condition it
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shall be possible to trim the airplane to an airspeed between Vy and 1.4V
with the landing gear retracted and the wing flaps up and in the takeoff posi-
tion. The second flight condition is in a power-off glide with the landing gear
extended at an airspeed not in excess of 1.4V (1.5 for airplanes under
6000 Ib maximum gross weight). In this case, it should be possible to trim the
aircraft to hands off with the flaps retracted and with them extended at the
forward c.g. at maximum gross weight, and at the most forward c.g. position
approved regardless of weight. The third flight condition is during level flight
with gear and flaps up at any airspeed from 0.9% to Vy or;1.4Vs,. '
Multiengine airplanes have an additional -requirement .stated in 3.112(b). It
requires that it be possible with the critical engine inoperative to trim the
aircraft in a climb in a clean configuration with the operative engine at maxi-
mum continuous power to an airspeed between Vy and a speed of 1.4V,.

26.2.2 Federal Aviation Regulation Part 23 (Ref. 4)

FAR Part 23.145 provides the requirements for longitudinal control. FAR
23.145(a) corresponds to CAR 3.109(a) and is essentially the same in the early
FAR Part 23. However, later amendments to FAR Part 23 changed the trim
airspeed from ¥y to 1.3Vg. FAR 23.145(b) covers the control force with
configuration change. It compares with CAR 3.109(b)(c), however there are
changes in trim airspeed requirements and in some cases power settings. There
are variances in these items between early versions of FAR Part 23 and later
versions so attention should be paid to the regulation under which the airplane
was originally certified if the flight test involve a Supplemental Type Certificate
or an Amended Type Certificate. At this writing, FAR Part 23 has .added three
requirements to this section that were not covered in CAR 3. They include: a
requirement to be able to maintain a power-off glide with no more than 101b
of force for any combination of weight or c.g. with the landing gear and wing
flaps extended; another requirement to be able to bring the airplane to a land-
ing attitude by normal use of all controls’ except the primary longitudinal’
control; and third a requirement to demonstrate a control capability sufficient
to achieve a load factor of 1.5g up to an airspeed of Vy/Myo to ‘counter an
inadvertent upset. - v

FAR Part 23.161 discusses the trim requirements and is the replacement for
CAR 3.112. FAR Part 23.161(c)(!) and (2) concern the trim in the climb
condition and the early versions of FAR Part 23 are essentially the same as
CAR 3.112. The current version of FAR Part 23 have changed the trim speed
requirement to that used in determining climb performance and have eliminated
the requirement to perform the test with the flaps retracted. FAR Part 23 chan-
ged the power-off glide condition of CAR 3 to a power approach. condition
with power for a 3 deg descent. Early versions of the. regulation required a
trim speed between 1.3 and 1.5V, while later versions require a trim-speed of
1.4V, and the approach speed V... For level flight trim, early versions of
FAR Part 23 read much the same as CAR 3. Current versions change the
requirement from 0.9y to ¥ and the minimum speed to just 1.4V rather
than either 1.4V, or ¥y The trim requirement for multiengine airplanes
remains the same as in CAR 3 for early versions of FAR Part 23, but has
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changed to no more than a 5-1b out of trim control force in the current version.
Current versions of FAR Part 23 also require that commuter category aircraft
have no more than a 10-Ib out of trim force for the longltudmal control in
advent of an engine failure with the landing gear up and the flaps in the take-
off configuration if the takeoff path at an airspeed of ¥, extends beyond 400 ft
above the runway.

26.2,.3 Advisory Circular 23-8A (Ref. 5)

The advisory circular addresses longitudinal control by clarifying some of
the language of the regulation. It states for the case of pushing the nose down
from a low airspeed, that it is left to the test pilot to determine if there is suffi-
cient control power to accomplish the task and if that occurs rapidly enough to
suit the test pilot. It also states that the term “speeds below the trim speed”
mean speeds down to the stalling speed. It also defines the “exertion of more
control force than can readily be applied with one hand for a sort.period of
time” to mean the force for temporary application (751b for the longitudinal
control). However, change 1 to this advisory circular says that there may be
circumstances where pitch forces less than 751b may be necessary for safety. It
allows that if such a case is found that the lower force should be established
under FAR Part 21.21(b)(2). Prolonged forces are for forces that cannot be
totally trimmed out.

The advisory circular discusses the weights and centers ‘of gravity that
should be tested. It suggests that the test be conducted at all corners of the c.g.
envelope.

Regarding instrumentation the advisory circular states that special instru- -
mentation is not required except for the measurement of the 101b maximum
force required by 23.145(d). In that case a force gauge is necessary if this
force cannot be trimmed to zero.

For the required. tests for longitudinal trim, the . advxsory circular only

“discussés- the center of gravity for testing and spemﬁes that the most critical =~

combinations of weight and ¢.g. should be tested.

26.3 Longitudinal Control

As was stated earlier, longitudinal control is a function of elevator deflection
available and the longitudinal stability of the airplane. Since longitudinal stabi-
lity is a function of c.g. position, the longitudinal control is also a function of
c.g. position. One of the requirements for an au'plane is that it be able to
achieve Cppy, at its forward ¢.g. position.? This is in order that it may achieve
the lowest stall speed possible upon which to base other performance require-
ments. In addition, military fighters must achieve C;,, during maneuvering at
forward c.g., which is a more severe requirement. The airplane is more stable
during maneuvering, which causes a requirement for more up elevator. By
making a plot such as Fig. 26.1 (Ref. 2) of elevator position vs C;. for various
c.g. positions, we can determine the most forward c.g. position where CLmax
can be achieved.

Since ground effect modifies the C; capabilities of the airplane and creates
less downwash at the tail, we cannot use the out-of-ground effect chart (Fig.
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Fig. 26.1 Most forward c.g. determination.’

26.1) to determine the capabilities of 'contrél‘in ‘ground effect. The require-
ments for control in ground effect are usually stated as a takeoff control

requirement and a landing control requirement.

~In order for an airplane to transition smoothly to flight, it must have suffi-
cient control power to assume a takeoff attitude prior to reaching the liftoff
speed. For tricycle gear airplanes this requirement is stated as a maximum
speed for. lifting the nosewheel from the runway. This speed is usually from
- 80°to 90% of the power-off stalling speed depending on the type airplane and

the regulatory requirement, civilian or military.

Fig. 26.2 (Ref. 2) shows the forces acting on an airplane during the takeoff
roll. As can be seen from this figure, the rolling friction creates an additional
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Fig. 26.2 Forces acting on aircraft during takeoff.?
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nose down moment that also must be overcome by the horizontal tail. This
additional moment may be counteracted on a propeller—dnven airplane by the
slipstream, which reduces the downwash at the tail and increases the dynamic
pressure at the tail.® This is not the case for a jet aircraft or a T-tail airplane
where the tail is out of the slipstream. In such cases, nosewheel liftoff may be
the most critical control requirement. If flaps are used for takeoff this will also
create an additional nose down moment that must be overcome by the horizon-
tal tail.? In addition, flap deflection will also lower the stalling speed, which
lowers the liftoff speed requirement.

For tail-wheel airplanes the requirement to lift the tail from the ground is
critical at aft c.g. loadings. Since the stability of the airplane is the smallest at
aft c¢.g., and any nose down moment helps, this requirement is generally not
severe.

Controllablhty may also present a problem in the landing case. Again, the
problem is most severe at forward centers of gravity.? Like takeoff, the au'plane
is operating in- ground effect and the downwash at the tail is reduced.?
However, this is where the similarity ends, since in the landing case the flaps
are extended to their fullest extent and the power is off, so the slipstream is
reduced. Although there is not any rolling friction to create an additional nose
down moment, the other factors may be more powerful for an airplane with a
conventional tail arrangement; and the landing case usually sets the up elevator
requirement for this type airplane. For an airplane with a T-tail the landing
requirement is not so severe, since the dynamic pressure at the tail is not as
affected by the wing as in the conventional arrangement. Also, the reduction in
downwash in ground effect does not affect this conﬁguratlon as much as the
conventional arrangement since the T-tail already operates in a reduced down-
wash environment.

From these discussions it can be seen that the aft c.g. limit is set by the
minimum acceptable longitudinal stabxhty, while the forward c.g. limit is set by
the minimum acceptable control abxhty

26.4 Longltudmal Trim

For an alrplane to have acceptable longitudinal handling qualities it must be
possible for the pilot to reduce the control force to zero throughout most of the
operating envelope. In addition, the control force generated by configuration
change should be low enough so as to be easily handled by the pilot.° These
trim changes should be in a direction so as to not cause an upset should the
pilot be distracted by other piloting chores.! For instance, the nose should
pitch down with flap extension rather than up into a potential stall. _

As was stated earlier, it should be possible to trim the airplane to hands-off
flight throughout most of its operating range. This is usually considered to be
from 90% of the maximum level flight speed to the landing approach speed
with the airplane in landing conﬁguratmn Both the military specifications
and the FAA regulations have specific values to which the airplane must trim
in various configurations and c.g. positions. As might be suspected, the landmg
trim requirement is critical at the most forward c.g. condition just as is
controllability. Also, as stated earlier the maximum speed trim requurement is
critical at the aft c.g. condition. :

s
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For trim changes, both the magnitude and d
tion, and for this reason are tested at both fo
26.3 and 26.4 (Ref. 7) show tables that are the trim change tests required for
FAA certification of a light airplane. As can be seen from these tables, the trim
changes to be measured are changes that the pilot will encounter in normal
flying. The FAA regulations state that the control force for these changes

irection may vary with c.g. loca-

should not be more than the pilot can handle with one hand.>* The regulations
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Fig. 26,4 Lengitudinal trim change with configuration change requirements at aft
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say that this value is 751b for the light plane p110t3 “ and 501b for the transport
pilot.® For military airplanes the values are 10~201b (Ref. 9). Although these
allowable forces are quite high, especially in the case of the light airplane, any
test pilot worth his salt will press his des1gners to keep these forces as low as
possible.

Trim changes are caused by a change in downwash at the horizontal tail
due to the configuration change, such as flap extension or retraction and power
addition or removal. Airplanes with conventional tail locations generally suffer
large trim changes due to large changes in downwash and dynamic pressure at
the tail with changes in flap position and power. On some airplanes the
changes are so great as to require the addition of interconnects between the
flap extension mechanism and the elevator trim.

It is in the area of trim changes that the T-tail may have its greatest advan-
tage. Since the T-tail is out of the slipstream and the area of high downwash of
the wing, it is not as sensitive to configuration or power changes as are
conventional tail airplanes Also, the trim changes generated by the T-tail
airplane are generally in the correct direction and of small magnitude. There-
fore, from the handling quahtxes standpoint T-tail airplanes are easy to fly. .
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27
Methods for Improving Longitudinal
Stability and Gontrol

27.1 Introduction

Now that we have some idea as to the effects of various parameters on long-
itudinal stability and control, what can we do as a test pilot or flight test engi-
neer to improve longitudinal stability and control once the airplane has reached
the flight test stage? ’

It is quite obvious that once the airplane has reached the flight test stage a
major design change is no longer desired due to schedule delays and cost
factors. Also, if & change is required it is due to the fact that the designers
were unable to predict with any degree of accuracy the control hinge moments
and control coefficients. Therefore, what says they will be able to do better the
next time around? Hinge moments and control effectiveness are difficult to
predict even with the best information, so we usually find ourselves in flight
test trying to fix some deficiency with minor changes.

Fortunately there are several minor things we can do to improve longitudinal
stability and control. First, let us take a look at some of the simpler things and
their effects on various parameters. ‘ : : L

27.2 Control System Gadgets

The ‘items that réquiré the least cliange to the airplane are the things we
would normally try first. These items fall into a category that can be called
control system gadgets or gimmicks.! In making these changes we generally
do not really change the natural stability and control, but, in essence, try to
fool the pilot into thinking we have.? It is worthwhile to note that some of the
items to be mentioned here work for both reversible and irreversible control
systems.

27.2.1 Stick Centering Springs™*

One method of adding an increment of control force is the stick centering
spring (Fig. 27.1). This spring tends to center the stick and adds a force incre-
ment which depends on stick displacement. This spring improves both apparent
stick-free static and maneuvering stability at low speeds where control deflec-
tions are high, but the effect diminishes with an increase in airspeed, since
control deflection also diminishes with airspeed. Also, since control deflections
are high at forward c.g. and low at aft c.g., the centering spring increases stick
force at forward c.g. more than aft c.g. This is in reverse to what we want

285
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T

11

Stick Centering Spring or Bungee

Fig. 27.1 Stick centering spring.>

and is one of the reasons the centering spring does not find much use with
reversible control systems.

Another problem with this system for reversible control systems is that for
various flight conditions the trim position of the stick is not always centered.
This ‘'may result in unwanted force reversals. Due to these problems it is
unlikely that you will see a stick centering spring used with a reversible longi-
tudinal control system.

Such is not the case for the irreversible control system. In these systems the
stick can always come back to the same place no matter what the trim condi-
tion. Also, the problem of diminishing force with increasing airspeed can be
countered by an airspeed sensor that drives a control to stretch the spring as
airspeed increases. For these reasons and its simplicity the stick centering
spring is used quite frequently with irreversible control systemis.

. 27.2.2 Elevator Down-Spring*~*

~ The elevator down-spring (Fig. 27.2)° is a method used quite frequently to
improve longitudinal static stability. Like its name, the down-spring tends to
make the elevator float down. With the spring installed, additional trim tab
deflection must be added in order to overcome the spring force and cause the

Preloaded Downspring

T +

Fig. 27.2 Elevator down-spring.?




IMPROVING LONGITUDINAL STABILITY AND CONTROL 287

elevator to assume its trimmed position. This causes an increased stick-force
gradient at all airspeeds. Since the force increment is not a function of stick
position or normal acceleration the down-spring does not improve maneuvering
stability. ‘ _ :

The down-spring has a destabilizing effect on the long period dynamic long-
itudinal stability. This is because at airspeeds below trim the elevator is floated
down, causing a steeper dive after the aircraft has reached the minimum speed.
.- Then, with the trim tab adjusted further down (nose up) the airplane pitches
nose up more. This steeper dive and steeper climb increases with each succes-
sive oscillation creating the dynamic instability.

Since the down-spring does not improve maneuvering stability and is desta-
bilizing to dynamic longitudinal stability, it should not be used alone as a
control force gadget. ‘

As might be expected the down-spring is only used with reversible control
systems.

27.2.3 Bobweight'™ . =
The bobweight is the device used most frequently in conjunction with a
down-spring to' improve longitudinal stability and control (Fig. 27.3).% The
bobweight is a mass on an arm placed in the control system so as to provide a
constant force. The bobweight is very versatile. From the standpoint of longitu-
dinal static stability it reacts much like the down-spring since it, too, causes
the elevator to float down. ,
‘When the airplane is maneuvered the force input provided by the bobweight
is multiplied by the load factor, so a bobweight is a very effective device for
improving maneuvering stability. The bobweight has the effect of actually shift-
ing the maneuver points due to the effects it has on the pitch damping term.
" Bobweights are also effective in damping out the phugoid motion. Since the
" airplane experiences load factors in excess of 1g at the bottom of the phugoid
motion, and less than 1 g at the top, the bobweight tends to restore the airplane
to trim.
However, bobweights do have their problems. First, they add weight to the
aircraft, which is undesirable. Second, they may adversely affect handling
qualities in rough air or rapid maneuvering. This is because the inertia of the

Bobweight

| € ha g

Fig. 27.3 Elevator bobweight.” -
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bobweight mass does not allow for instantaneous reactlon to a change in accel-
eration, and in the case of turbulence or rapid maneuvering, may provide stick
pumping or forces opposite to that desired. Although methods to counteract
the turbulence problem, such as that shown in Fig. 27.4 (Ref 1), have been
developed, they only increase the weight and complexity of the control system.
For this reason systems like that shown in Fig. 27.4 are not in widespread use.

The bobweight is a quite versatile device. It may be used to increase or
reduce longitudinal control forces, depending upon its placement in the control.
system and relation to the aircraft c.g.

27.2.4 Spring-Weight Combinations

In order to reduce the weight penalty of the bobweight while eliminating
the dynamlc and maneuvering problems of the down-spring, the two devices
are used in combination. By tallonng the size of the bobweight with the spring
constant of the down-spring it is usually possible to adjust static, dynamic, and
maneuvering longitudinal stabilities to desired values.

The combination of weight and spring can be designed to meet space limita-
tion problems. An example of such an arrangement is shown in Fig. 27.5.

27.3 Elevator Tabs

If springs and weights are not sufficient for the task, or if they increase
weight or control system complexity more than desired, then we may need to
move up in the complexity of the change. The next step up in complexity
would be one of the several varieties of elevator tabs. These tabs con51st of

1) balance tab

2) servo tab

3) spring tab

4) spring-loaded tab

Bobweight Arrangement
To Improve Poor Turbulence
Response

— AFT Stick
Aircraft

v.Wz

ya

W Larger than W3

Fig. 27.4 Bobweight arrangement to improve turbulence response.’
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Instrument Panel

Pulley N

l\ Control Yoke

Aluminum Tube

7
Cockpit Floor

Fig. 27.5 Down-spring/bobweight combination.

27 3. 1 Balance Tab'*

The balance tab is a geared tab that can be made to either lead or lag eleva-
tor movement. This is accomplished by the method in which the tab is
connected to the stabilizer as is shown in Fig. 27.6 (Ref. 3). The gearing ratio
of the tab may be adjusted by the size of the control homn or push-rod as
shown in Fig. 27.6. The leading tab is used to increase control forces, while
the laggmg tab will decrease forces. As a result, lagging tabs are not used very
frequently in longitudinal control systems, since nearly always a force increase
is needed.

The leading balance tab is a very effective device for “fixing” longitudinal
stability problems. The leading tab reduced the tendency of the elevator to
float, and as a result actually shifts the stick-free neutral pomt aft. It is also
effective for "increasing stick-free maneuvering stability since its input is a

Elevator
Leading Tab

(—Stabilizer

Elevator

Lagging Tab
: Stabilizer .

Fig. 27.6 Leading and lagging balance tabs.?
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Fig. 27.7 Piper T-tail Lance with leading balance tab.

function of elevator deflection. The leading tab also works well for improving
dynamics since it reduces the floating tendency. However, particular attention
should be paid to flutter considerations when using these devices. Figs. 27.7
and 27.8 show the application of balance tabs on a general aviation aircraft
and upon a WW II fighter. '

27.3.2 Sérvo Tab*‘"‘ B

The servo tab is a tab that actually drives the control surface such as is
shown in Fig. 27.9 (Ref. 3). The control system is connected to the servo tab.
Moving the control deflects the tab which moves the surface. In this manner
large control surfaces may be deflected with reasonable control forces. Servo
tabs found use on large transport and bomber aircraft prior to the advent of
hydraulicly boosted coatrols.

27.3.3 Spring Tab™*

A spring tab is a variation of the servo tab. A spring is added to the systems
as is shown in Fig. 27.10 (Ref. 3). This spring restores some of the control
force removed by the servo tab. By varying the spring constant the control
forces may be tailored to desirable levels. '

The F-80 Shooting Star jet fighter and its two-place T-33 trainer have a
spring tab on the elevator to reduce control forces at high speed. The ailerons
of this aircraft were irreversible hydraulicly actuated surfaces.
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Fig. 27.8  F4U Corsair horizontal tail with leading balance tab.

27.3.4 Spring-Loaded Tab"%*

The spring-loaded tab is a device that, in effect, acts very much like a
down-spring. The reason for this- is that the tab has a preloaded spring about
its hinge that causes .it to ‘deflect upward - fully’against-its stop when at rest.
When the aircraft moves, and the tab develops an aerodynamic hinge move-
ment, the tab will begin to- streamline: When the airspeed is increased to the
point where the aerodynamic hinge ‘moment equals the hinge moment of the
spring then the tab will be streamlined. Above the speed where the tab comes
off the up stop it provides a constant force gradient to float the elevator down,
providing the down-spring effect. If flutter problems associated with such a tab
can be solved it may be a more desirable “fx” than a down-spring, since it
does not provide undesirable control forces during ground operation. A spring-
loaded tab arrangement is shown in Fig. 27.11 (Ref. 3).

This arm free to
pivot about elevator
hinge line

Elevator

\ Servo Tab

< Stabilizer j

Fig. 27.9 The servo tab.’?
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. This arm free to
pivot about
) ) elevator hinge 1:
——— Spring )

w

QS tabilizer - —j

Elevator

Fig. 27.10 The spring tab.?

27.4 Aerodynamic Balance

- If our actions so far have not been able to cure our control force problems
we may have to consider additional aerodynamic changes. Again, we would
look to the simple changes first. . : S

Like tabs, there are five aerodynamic balance changes that may be made to
tailor control forces. They are; - S : :

1) overhang balance or a set-back hinge line
2) horn balance

3) internal balance with a flexible seal

4) blunt trailing edge or trailing-edge strips
5) beveled trailing edge

27.4.1 Ol}erhang or Set-Back Hinge Line Balance??
Overhang balance is control surface area ahead of the hinge line that is

distributed along the control surface. This is shown in Fig. 27.12 (Ref. 3)."All
aerodynamic_balance must ' be considered with respect to the elevator hinge
moments due to angle of attack C,,, or floating tendency, and the hinge
moments due to elevator deflection C,5, or restoring tendency. Aerodynamic
balance such as overhang balance tends to reduce the floating tendency, due to
the chordwise pressure distribution, and as a result increases the stick-free
stability. The hinge moments due to elevator deflection, or restoring tendency,
is also reduced by overhang balance. However, it is usually difficult to obtain a

Low Speed Position

7

( Stabilizer j

Fig. 27.11 Spring-loaded tab.3

'\-Spring Loaded Tab
in high speed
Elevator  position
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C Stabilizer j

Overhang

Elevator

Fig. 27.12 Overhang or set-back hinge line balance.’

large amount of deflection balance without overbalancing the surface for angle
of attack change. Since a change in overhang balance is a difficult change,
both from the standpoint of estimating the effects and the physical change
itself, it is probably one of the last thmos we would use to try and fix our
problem.

27.4.2 Horn Balance®?

Horn balance concentrates the balance area ahead of the hinge line. It is
usually located at the tip of the elevator, as shown in Fig. 27.13 (Ref. 3), and
may be of two types. Unshielded horn balance extends all the way to the lead-
ing edge of the stabilizer. Shielded balance only extends part way to the lead-
ing edge. Both are shown in Fig. 27.13.

The theory and effects of hom balance are the same as for overhang
balance. It is used more often as a flight test “fix” thanis-overhang balance
since it is’ structurally easier to change Flg 27 14 shows such a use on a
general aviation airplane. " —— R

Shielded

Unshielded — == -

Stabilizer Horn Balance

— —
[———
——

Hmoe Line

—n

Elevator

Fig. 27.13 Shielded and unshielded horn balance.’

"7 Set Back Hifge Ling TFTT T T
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Fig. 27.14 Unshielded horn balance on the Micco 145A.
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Internal Balance with

C Stabilizer
Flexible Seal

Fig. 2715 Internal balance with a flexible seal.?

27.4.3 Internal Balance with Flexible Seal**

This type of aerodynamic balance is shown in Fig. 27.15 (Ref. 3). This type
of balance works in the same manner as the other types of balance. It would
generally be used as an original design item rather than a flight test fix, but the
flexible gap seal may be used quite easily during flight test.

27.4.4 Blunt Trailing Edge or Trailing-Edge Strips®

~The blunt trailing edge is a form of aerodynamic balance that tends to
increase control forces through a stronger restoring tendency. It has been used
successfully as a fix for elevator short period problems. It is a fairly simple
change to make durlng flight testing, but may be difficult to tailor The blunt
trailing edge is shown in Fig. 27 16.

27 4. 5 Beveled Trallmg Edge®?

The beveled trailing edge may be used to reduce control forces. It is the
opposite of the blunt traxlmg edge. Beveling the trailing edge, as shown in Fig.
27.17 (Ref. 3), is not as-simple a change as is blunting it.

All of the previously described fixes or gimmicks may be used separately or
in combination. The objective of their use is to arrive at suitable control forces
and handling qualities of the airplane based upon its mission. ‘

Elevator

Blunt Trailing Edge

(S-tabilizer ‘J

Fig. 27.16  Blunt elevator trailing edge.

Blunt Trailing Edge
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Beveled Trailing Edge

( Stabilizer j

Fig. 27.17 Beveled elevator trailing edge.?

Elevator

Beveled Trailing Edge
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