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ABSTRACT

TREC 61-106

Vertol Division, The Boeing Company, Morton, Pa., WIND TUNNEL TESTS
AND FURTHER ANALYSIS OF THE FLOATING WING FUEL TANKS FOR HELICOPTER
RANGE EXTENSION, VOL. 5 - Analysis of Stability, Control and Per-
formance Characteristics by H. Neeb, D. Lawrence, and R. Johnstone,
August 1961. 186 pp, incl. illus., tables. Contract (DA44-177-
TC-550) USA TRECOM Proj. (9X38-09-006)

Unclassified Report

This report describes an analytical investigation of the stability
and performance of a Boeing-Vertol H-21 tandem rotor helicopter
equipped with floating wing fuel cells as a means of ferry range
extension. The stability of the total system was studied with the
wing located forward and directly under the helicopter center-of-
gravity (cg). Two methods of stabilizing the wing oscillations
about the hinge were studied: (a) A skewed hinge line, introducing
a change in angle of attack as a function of the flapping disturbance,
and (b) a geared trailing edge flap, mechanically linked to deflect
when the wing flaps. Satisfactory stability was obtained with the
wing positioned directly beneath the helicopter cg, using an un-
skewed hinge line, and geared flaps. The forward wing location

was found to be unsatisfactory from the standpoint of longitudinal
stability for the light wing case. Flight simulator studies
emphasize the need for additional lateral control to supplement
that produced by the basic aircraft. It was found that full span,
differential ailerons with deflections of 2% degrees per inch of
stick, provide satisfactory roll control and wing flapping angles.
At a take-off weight of 25,900 1lbs and with the wing in the aft
position the ferry range is 1975 nautical miles.
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FOREWORD

The U. S Army, through the facilities of the U. §. Army Transpor-
tation Research Command, Fort Eustis, Virginia, has conducted a research
program to determine a method for increasing the range of helicopters of
the light-cargo type to 2,000 miles or more. The system that held the
most promise was one wherein floating-wing fuel tanks were attached to
the helicopter's fuselage.

The report presented in the following pages is the fifth and last
volume of the final report. This report contains the results of the
analytical investigation of the stability, control, and performance
characteristics of the floating wing fuel tank system. The conclusions
presented in the report are concurred in by this Command.

A design and fabrication program is now under way as a follow-up
to this research program.
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SUMMARY

This report describes an analytical investigation of the stability
and performance of a Boeing-Vertol H-21 tandem rotor helicopter
equipped with floating wing fuel cells as a means of ferry range
extension. The wings are hinged close to the root, and are in
equilibrium under the steady-state aerodynamic and gravity forces,
minimizing the root shear force and bending moments taken out at
the attachment points.

The stability of the total system was studied with the wing located
forward and directly under the helicopter center-of-gravity (cg).
Two methods of stabilizing the wing oscillations about the hinge
were studied: (a) a skewed hinge line, introducing a change in
angle of attack as a function of the flapping disturbance, and (b)
a geared trailing edge flap, mechanically linked to deflect when
the wing flaps.

Satisfactor; stability was obtained with the wing positioned
directly beneath the helicopter cg, using an unskewed hinge line,
and geared flaps. The forward wing location was found to be un-
satisfactory from the standpoint of longitudinal stability for the
light wing case.

Performance studies indicate that the aft wing position, as deter-
mined by stability criteria, is detrimental to the range. In order
to insure a 2000 mile ferry range with the wing in a position to
satisfy the stability requirements, the wing incidence relative

to the helicopter was allowed to vary throughout the flight. Further
studies will be conducted to determine the best compromise from

both stability and overall performance considerations.

Flight simulator studies emphasize the need for additional lateral
control to supplement that preduced by the basic aircraft. It was
found that full span, differential ailerons with deflections of
2-1/2 degrees per inch of stick previde satisfactory roll control
and wing flapping angles.

The present floating wing has an asapect ratio of 8 and a span of
72 feet. The constant cheord wing uses an NACA 4418 section. The
maximum take-off weight of the system is 25,900 pounds, of which
14,800 pounds is fuel carried in the wings, At this weight and
with the wing in the aft pesition the ferry range is 1975 nautical
miles (n.mi.).



SUMMARY (Continued)

A forward wing position would increase the air miles per gallon
and permit an increase in the take-off weight to 27,100 pounds,
with a resulting range of 2400 n. mi.
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CONCLUSIONS AND RECOMMENDATIONS

The results of the present analysis indicate that the ferry range
of a tandem rotor helicopter can be extended by the use of float-
ing wing fuel cells. A configuration can be derived that has
acceptable stability in cruising flight, at all weights.

Further work is necessary to refine the lateral-directional analysis
to include the non-linear dihedral effect, and the work on both the
lateral-directional and longitudinal stability should be extended

to cover flight speeds below the cruise, down to minimum flying
speed.

A conflict exists between wing position requirements for best
stability on one hand, and optimum performance on the other.
Longitudinal stability requires that the wing be situated near the
cg and for maximum range it should be as far forward as possible to
avoid rotor downwash. The existing analysis considers two wing
positions - one in which the aerodynamic center is 14 feet ahead of
the basic helicopter cg, the other in whickh the aerodynamic center
is directly below the cg. It should be noted that the criterion

of 2000 miles range was satisfied with the-wing in the aft position
only by allowing the wing incidence to vary throughout the flight.
Further work will be done to optimize wing position, such that
satisfactory longitudinal stability characteristics combined with
minimum performance penalties may be achieved.

Flight simulator studies indicate that lateral control must be
supplemented with full span differential ailerons having a gearing
of 2-1/2 degrees per inch of lateral stick movement.

Performance calculations show that ferry range capabilities diminish
as the'wing is moved to the aft position. Maximum take-off weight,
based on available take-off power, is decreased from 27,100 pounds
to 25,900 pounds, and the range is reduced from 2400 n. mi. to

1975 n. mi.



INTRODUCTION

The normal mission range of the modern helicopter is 400 n.mi., or
less, while ideally, to achieve full global mobility, ferry ranges

of 2000n. mi. or more are desired. In providing this range, the
basic problem is to increase the lift-drag ratio and/or the fuel
weight: empty weight ratio, without resorting to extensive structural
modifications to the basic helicopter. While many research programs
are today exploring high performance rotor systems, which show

promise of yielding high lift-drag ratios, present-day helicopters
exhibit values on the order of 4:1.

The Army's ferry range problem is concerned with present-day heli-
copters, in which no large improvements in lift drag ratio may be
expected, so the alternative is to consider means of increasing the
effective fuel-weight ratio. This must be achieved without drastic
modification to the structure, or undue increase in the drag.
Supplementary internal fuel tanks do not increase the range sufficient-
ly; there is a prohibitive performance penalty resulting from the

much increased rotor disc loading, and considerable internal modi-
fication is necessary to install them.

To be acceptable, any range extension system must meet the following
basic criteria:

1. To be usable as a retro-fit item on existing helicopters,
with a minimum increase in basic helicopter empty weight,
it must entail the minimum of structural modification.

2. There must be no adverse effect on the stability of the
aircraft at any weight.

3. Adequate control must be available at all flight speeds
and weights.

4. To justify the development of the system, it must yield
ultimate ferry ranges of 2000 n. mi. or better.

The floating wing fuel cell has been proposed as the most promising
method of carrying the additional fuel without incurring severe drag
and weight penalties. The supplementary tankage is fitted to the

helicopter in the form of a pair of floating wings that are free to
move vertically about hinges placed close inboard. The equilibrium



INTRODUCTION (Continued)

condition for the wing in steady flight occurs when the static
moments of lift and weight about the hinge are equal and opposite.
In such a condition, the resultant vertical shear force at the

hinge is very small, and the additional power required is a

minimum, being just that necessary to overcaome the wing drag and the
wing-rotor interference drag. Thus the disc loading is not greatly
increased, even though the weight of the system may be more than
double that of a standard helicopter.

The problems to be dealt with in the design of the proposed range
extension system can conveniently be discussed under the following
four headings:

1. Overall system stability

2. Wing stability

3. Control

4., Performance

OVERALL SYSTEM STABILITY:

The overall stability must be at least as good as that of the basic
aircraft at all weights and speeds. There is a large separation
between the maximum and minimum flying weishts, and most of the

fuel is to be carried in the wings, in the interests of achieving
the best lift/drag ratio. Consequently, the moments of inertia,
both of the systems as a whole and of the wing about it's hinge,
change markedly during the mission. Because of this wide variation
in important system parameters it is difficult to achieve satis-
factory stability in all flight regimes. The longitudinal stability
is more sensitive to changes in weight, and to fore and aft location
of the wing, and the final configuration will be a compromise be-
tween the requirements of range and longitudinal stability.

WING STABILITY:

The empty wing moment of inertia is approximately one seventh of
the fully loaded value. The aerodynamic forces are thus much
greater in relation to the inertia forces when the system is at the
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INTRODUCTION (Continued)

minimum flying weight. The problem is to select suitable wing damping
and aerodynamic stiffness so that wing deflections do not at any time
exceed 15 degrees. Upward deflections are critical, from con-
siderations of rotor clearance, but aside from this, the problems

of designing the hinge and the associated connections increase as
increasingly larger deflections are permitted. Two simple methods

of stabilizing and controlling the floating wing are available:

1. Skewed Hinge

The hinge lies along some line skewed relative to the chord,
in such a manner that as the wing floats up, the angle of
attack is reduced, thus providing restoring moments. The
disadvantave of this method is that the aerodynamic damping

about the hinge is reduced as the stiffness increases, as
shown below:

z ¥ P

K

Effective flapping Effective flapping
radius = R radius = R cos3d,

2. Geared Trailing Edge Flaps

The flaps are mechanically linked to the wing to move as
a function of wing flapping angle. By the use of
differentially geared flaps (i.e. outboard flaps moving
up, inboard down, as the wing flaps up) and the judicious
selection of gear ratio, a wide range of aerodynamic
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stiffness can be obtained, together with some degree of
control over the resultant shear loads at the hinge.
Further, there is no loss of damping about the wing hinge
by this method.

CONTROL :

The rolling moment of inertia of a helicopter is usually low, but
with the addition of large span wings, each holding 7000 pounds of
fuel, it becomes large, and the roll control power suffers
accordingly. To supplement it, it is proposed to use the flap
panels as ailerons, in addition to their function of stabilizing

the wing. By the use of differential collective pitch, the tandem
rotor helicopter has more than adequate pitch control, and it is

not anticipated that control of this mode will present any serious
problems as a helicopter. The H-21 is deficient in yaw control
sensitivity. Addition of the floating fuel wing will reduce control
sensitivity by a factor of five. However, this is not expected to
be a problem, as the floating wing system is not capable of hovering
and very low speed flight, which is the regime where the H-21 yaw
control deficiency is experienced.

PERFORMANCE :

The location of the wing is a compromise between the conflicting
requirements of performance and stability. To obtain optimum

range, the wing should be located as far forward as possible, to
minimize interference drag and the rearward inclination of the lift
vector produced by the rotor downwash field. For the same reason,
to obtain shortest take-off distances, the wing should be located
forward. Because of the much increased maximum weight, take-off will
be power limited, and range suffers on two counts if the wing is not
located at the optimum forward position. On the other hand,
longitudinal stability requires that the wing be located at or near
the basic helicopter cg.



LONGITUDINAL ANALYSIS

DERIVATION OF EQUATIONS:

The system being analyzed is one of a very complex nature. The
maximum mass ratio of the flapping fuel wing to that of the heli-
copter is 1.44 to 1. This will give rise to important inertial
coupling terms. The Lagrange Equation of Motion for generalized
coordinates is a completely rigorous analysis which is well suited
to the solution of this type of problem.

The Lagrange Equation yields all the mass and inertial terms (Ref.
App. (A)) which must be equated to the external forces acting on
the system. The forces include aerodynamic forces acting on the
rotors, fuselage and the flapping wings. Those forces acting on
the rotor and fuselage were obtained from existing helicopter
stability analyses. The aerodynamic forces exerted on the wing
were derived by the principal of virtual work (Ref. App. (A).

Two different types of wing stabilization systems were investigated
(i.e. 3 Thinge and differentially geared trailing edge flaps).
Each wing was considered to be composed of two separate spanwise
sections, the section span corresponding to the differential flap
span. The lift and drag were computed for each section so that
changes in aerodynamic forces on the wing could be readily cal-
culated for differential flap deflection. The 1lift distribution
for the inboard section was assumed to be rectangular while that
for the outboard section was assumed to be elliptic. The final
equations shown in Appendix (A) are completely general and apply to
both stability systems.

Assumptions:

1. Since the mass properties and aerodynamic characteristics
of each wing are similar, then the flapping motions will
be identical and one equation will describe the motion.

2. Small angle assumptions and linearization are applied
only to the final set of equations.

33 Initial pitch angle ( 6%6) and wing flap angle (,Af%G)
are assumed to be small and are excluded from the analysis.



LONGITUDINAL ANALYSIS (Continued)

ANALYTIC SOLUTION OF EQUATIONS :

A very effective engineering tool is the root solution of the
characteristic equation. The roots not only yield periods and
time to double or half amplitudes but serve as a cross check
for analog time histories.

Given a set of four linear simultaneous differential equations

in four unknowns, the solution thereof is accomplished by arranging
the coefficients of the variables into a fourth order determinant
having quadratic elements. Expansion of the determinant yields

a sixth order polynomial which is then solved for the roots.

In order to determine trends for several configurations, the roots
of the corresponding characteristic equations can be presented on
root locus plots (Ref. Appendix (B)), where horizontal lines in-
dicate constant frequency and vertical lines indicate time to half
or double amplitude. The roots may indicate four types of response:

1. Complex roots where the sign of the real part is
positive indicate a divergent oscillation (A + Bi).

2. Complex roots where the sign of the real part is
negative indicate a damped oscillation (-A + Bi).

o A positive real root indicates a non-oscillatory
divergence.

4. A negative real root indicates a non-oscillatory
convergence.

RESULTS OF LONGITUDINAIL ANALYSIS:

Throughout the longitudinal investigation, all cases were judged
on the basis of the system response to a 30 ft/sec (fps) vertical
gust, and the stability chacacteristics compared with those of
the basic helicopter.

The results of the analysis indicate that to satisfy stability
criteria, a zero oG hinged wing stabilized with differential
trailing edge flaps set at a +2 deg/deg gearing ratio, must be
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located directly beneath the basic helicopter cg. Cases 21 and
26 are the light and heavy wing cases corresponding to the above
description.

With the wing located in this position, flap gearing ratios of

+3 and +1 (Cases 25 and 27 - heavy wing, Cases 20 and 22 - light
wing) were also investigated. Examination of the three light wing
configurations shows all cases exhibit highly damped oscillations.
The roots of the characteristic equations as well as analog time
histories indicate minor variations in both period and damping.
Similar responses exhibited are high frequency wing modes (avg.
period = 1.5 sec) damped to half amplitude in .39 seconds, super-
imposed on a long period (23 sec) mode. This long period is common
to both wing and pitch responses. Both angles are comparatively
small.

In order to avoid wing-rotor interference, wing flap angles must
be .25 radian or less; therefore, this criterion becomes critical
with the light wing configuration. Intuitive reasoning suggests
that in response to a 30 ft/sec vertical gust, the empty fuel wings
will immediately flap up. This is found to be true by the
following analytical study.

If the system is disturbed by a 30 ft/sec vertical gust, the
vertical accelerations of the helicopter and the wing viewed
separately may be calculated as follows:

(4 ) = .222 rad
(Za Jpey; = —33000 1b/rad
(Za )ying = -46000 1b/rad

Therefore, the resulting forces will be:

Z hel = -7300 pounds
Z wing = -10200 pounds
Massnel = 344.7 slugs

10
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LONGITUDINAL ANALYSIS (Continued)

Massyings = 497 slugs (heavy) and 62 slugs (light)
Hel.Acc. = 21300, 2.12 ft/sec2
344.7

2

10200_ 50,5 ft/sec
497

Since both initial accelerations of the wing and helicopter are

nearly equal, initial down wing flap angles should be small. How-

ever:

Wing Acc. (heavy)

10200
Wing Acc. (light) = 22 - 165 ft/sec?

With the high accelerations of the empty wing compared to those of
the helicopter, it is probable that large initial wing flap angles
will result.

Based on this wing-rotor interference criterion, the minimum gearing
ratio is +2 deg/deg which shows an initial flapping excursion of .25
radians.

Examination of Cases 25, 26 and 27 shows, again, very little change
in either period or damping between all three cases. Wing flap
angles are small (less than .1l rad) and mildly divergent. Pitch
angles are fairly large with 12 second periods and double amplitude
in 6.4 seconds. Maximum amplitude after four seconds is .5 radian.
However, sufficient control power is available to make the system
flyable.

Both the @5 hinged wing and the differential trailing edge geared
flap wing located in the forward position- (wing a.c. 14 ft fwd of hel.
cg.) were analyzed and found to be not feasible. Looking at the

two configurations individually, the Q} hinged system exhibited
static lateral instability. The longitudinal response of the hinge
indicated dynamic instability with a 16.6 second period and doubled
amplitude in 2.5 seconds.

The effect of increasing the spring stiffness (zero °£-—v-45° cG )
resulted in increasing the period and decreasing the time to double
amplitude. Thus the configuration approaches that of a fixed wing
aircraft with the wing located far forward of the cg. The dis-
advantage of the skewed hinge lies in the adverse effects on the
wing root shear loads. For example, as the helicopter pitches nose

11




LONGITUDINAL ANALYSIS (Continued)

up in response to a vertical gust, the heavy wing initially flaps
downward, thus increasing the angle of attack. This results in a
net up shear load at the hinge which increases the nose up pitching
moments and tends to pitch the aircraft more nose up.

The alternative wing stabilization system (differentially geared
flaps) was investigated with the wing located in the same forward

position.

The system response to a 30 fps gust indicates that a gearing ratio
of 1 deg/deg yields an aerodynamic spring with sufficient stiffness
to keep wing flapping excursions acceptably small. However, large
pitching motions are also recorded. (See Figure 7)

With fully loaded fuel tanks, the system appeared to be acceptable
both longitudinally and from a lateral-direc:tional standpoint. For
this configuration, the empty tanks case exhibited longitudinal
static instability with .75 second to double amplitude.

Comparison of the incremental 1lift acting on the fuel wing with full
and empty tanks shows that in response to a 30 fps gust, the increment
in 1ift is 70% of the steady lift for the fully loaded wing and 500%
of the steady lift for the empty wing. Therefore, initial wing flap
angles and accelerations are gquite large for the empty wing case.
This effect, coupled with the fact that the pitch inertia of the
system is reduced by a factor of 2, induces high pitch accelerations
which destabilize the system.

In summary, longitudinal stability characteristics dictate that the

fuel wing be hinged with zero d3 , directly beneath the helicopter
cg using a flap gearing ratio of +2 deg/deg.

12
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ILATERAL-DIRECTIONAL ANALYSIS

DERIVATION OF EQUATIONS :

The application of Lagrange's Equations to the lateral-directional
mode is prohibitively long and laborious, approximately four times
as much work being required as compared with the longitudinal case.
Consequently, a simpler and less time-consuming method, yielding
acceptable accuracy, was used. The method is based on an initial
assumption of small perturbations and the existence of the following

four modes:

1. Roll of the system treated as a rigid body about the
.compound center-of-gravity.

2 ¢ Rigid yaw of the system about the compound center-of-
gravity.

3 Rigid lateral translation of the system.
4. Flapping of the wing about the hinge.

Linearized expressions, in terms of small disturbances in the roll,
yaw, sideslip and flapping modes, which were derived, enabled the
calculation of lift, drag and pitching moment to be made at a general
spanwise wing station. The forces and moments, when integrated over
the span, yield the conventional fixed wing lateral and directional
aerodynamic stability derivatives, and, in addition, include the
effect of the flapping freedom on the aircraft motion.

Assunmptions:

To keep the equations of motion and the calculation of the
stability derivatives from becoming too lengthy, the follow-
ing assumptions were considered justified:

1. The motion is anti-symmetric about the aircraft plane
of symmetry.

2. The initial flapping angle is zero.
3. The angle between the aircraft principal axis and the

flight path is small.

13
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LATERAL-DIRECTIONAL ANALYSIS (Continued)

The first two assumptions exclude the possibility of investigating
the non-linear dihedral effect that occurs in a sideslip when the
initial flapping angle is not zero. It is considered that this is
potentially the most restrictive assumption in this analysis, and
that in any refinement of the method, it should be eliminated.

The inertial terms, forming the left hand side of the final
equations of motion form a symmetric matrix, from which the

product of inertia terms are excluded by Assumption 3.

Fuselage, Tail and Rotor Contributions to Stability:

The basic helicopter contributions to the stability derivatives
were obtained from:

1. Flight test and wind tunnel (for the fuselage and tail).
2. Rigid rotor stability analysis.

Representation of Geared Flap:

The assumption was made that the geared flap contributes only to
the aerodynamic spring stiffness and makes no contribution to
aerodynamic damping. The effect of the flap can, therefore, be
represented by:

1. A change in the effective lift curve slope.

2] An increment in the section drag coefficient, varying
linearly with the wing flapping angle.

34 An increment in the section pitching moment coefficient,
varying linearly with the wing flapping angle.

Displacement Equations:

A right-handed axis system is used, having the origin at the
compound cg, with the X axis positive forward, the Y axis positive
to the right and the 2 axis positive down. Positive rotations are
clockwise when looking in the positive directions. Positive wing
flapping is right wing down, i.e., in the same sense as positive

14
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LATERAL-DIRECTIONAL ANALYSIS (Continued)

roll. Since the motion is assumed to be anti-symmetric, only
the right half of the helicopter plus wing need be considered.

RESULTS OF LATERAL-DIRECTIONAL ANALYSIS:

The time histories for Cases 12 and 1 (Figure 17-18), and others
unpublished, indicate that the response in roll to a side gust
becomes more divergent as 05 is increased. This is borne out by
the lateral-directional stability roots in Table 27. For zero the
unstable oscillation has a period of 12.2 seconds, and takes 6.3
seconds to double amplitude. When °G is increased to 45°, the
period is reduced to 10.5 seconds and the time to double amplitude
is now only 2.4 seconds. This divergence is the basis of the choice
of zero ¢o/; , and as the loss of damping resulting from skewing the
hinge is so large, (it varies as the cosine of o, ), it was not
considered fruitful to pursue this approach when the geared flap
provides such a powerful aerodynamic spring.

The selection of fore-and-aft location is primarily dictated by the
requirements of performance and longitudinal stability, since it is
of relatively little importance to the lateral-directional stability -
Cases 4 and 27 illustrate the effect of moving the wing aft at
maximum weight, and Cases 18 and 22 show the effect for the empty
wing cases. At neither weight is there any significant change in
the motion. For the heavy wing (4 and 27, flap gearing +1), the
only changes appear in the second and third roots (Table 27). The
slowly divergent second root in Case 4 becomes very lightly damped,
i.e., essentially neutral stability. The very lightly damped long
period oscillation corresponding to the third root becomes slowly
divergent (27 seconds to double amplitude) and tle period increases
from 12.5 to 15.8 seconds. Examination of the analog traces for
these cases shows that the effect of the changes in the roots is
small.

At the light weight (Cases 18 and 22), the changes resulting from
moving the wing aft are still less marked - only the third root
shows any changes worth commenting on. The subsidence corresponding
to this root becomes more rapid - taking 23 seconds to half
amplitude, compared with 33.0 seconds with the wing in the forward
position. One other point worth mentioning is that the initial swing
of 5, is approximately halved -2.0° for Case 22, compared with 3.4°
for Case 18.

15



LATERAL-DIRECTIONAL ANALYSIS (Continued)

Selection of Flap Gearing:

The differentially geared flap is a powerful method of modifying
the aerodynamic spring stiffness and resultant shear loads at

the hinge, without sacrificing the damping. When the wing flaps
up, the outboard section of the flap deflects up, providing the
aerodynamic stiffness, while the inboard section deflects down-
wards, countering the downward shear loads generated by the up-
ward deflected outboard flap. This increment in the net shear
provides a stabilizing rolling moment on the helicopter.
Expressed in another way, consider the helicopter in steady level
flight, with the wings in the neutral position. Let a disturbance
induce a rolling velocity to the right. Due to its own inertia
the right wing cg will tend to stay in the same vertical location,
which means that the wing relative to the helicopter will flap up.
The outboard flap panel will deflect up, inducing a downward
flapping hinge moment, and shear force~increasing the rate of
roll. The inboard flap panel will deflect downwards, inducing a
shear force that reduces the rate of roll. It will at the same
time slightly reduce the aerodynamic stiffness, but as it acts
much closer to the wing hinge than the outboard section, it is
much less powerful in influencing stiffness than in modifying

the shear loads.

The gearing ratio chosen (defined as flap deflection per unit
wing deflection) should be as low as possible consistent with
acceptable stability, as the 1lift generated by flap deflection
rapidly becomes non-linear. The flap is also required as a
high-1lift device at least in the early stages of a ferry flight,
and the outboard panels at least will be required to serve as
roll control.

The investigation into flap gearing ratio is covered in Cases
20, 21 and 22 (light wing) and 25, 26 and 27 (heavy). 1In all
cases, the inboard and outboard sections move differentially,

at gear ratios 1, 2 and 3. Examination of the roots and

analog traces leads us to conclude that there is little to be
gained by increasing the flap gearing ratio beyond +1. Taking
the light wing first, we note that as the flap gearing is in-
creased from 1 to 3, the oscillatory part of the first root
remains virtually constant, while the time to halve amplitude
increases from 8.0 to 9.0 seconds. The only other root affected

16
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LATERAL-DIRECTIONAL ANALYSIS (Continued)

is the other oscillatory root, representing a very fast
highly damped mode. The period is reduced from 1.5 seconds
to .7 second, and the time to halve amplitude goes from .32

to .27 seconds.

Similarly, with the heavy wing (25, 26 and 27), only the
oscillatory roots are influenced by the gearing. The long
period oscillation is mildly divergent, becoming more so as
the gearing is increased (21 seconds to double amplitude at
the +3 gearing, 29 seconds for +1) and the period remains
virtually unchanged. The short period highly damped
oscillation changes noticeably in period - going from 3.48
seconds to 1.93 seconds, and the time to halve amplitude
remains nearly unchanged at 1.6 seconds.

In summary, the straight hinge was chosen because of the rapid
divergence that a skewed hinge produced. The fore and aft
position is relatively unimportant to the lateral-directional
stability, and on the basis of cases 20-27, there is little
to be gained by increasing the flap gearing ratio beyond +1
per unit wing deflection.

17




FLIGHT SIMULATOR STUDY

The investigation up to this point was concerned primarily with
obtaining a wing-helicopter configuration that would satisfy
stability criteria. Cases 21 and 26 fulfill this requirement.
However, high roll inertia of the system reduces the lateral con-
trol sensitivity by a factor of fifty as compared to the basic
helicopter; in order to bring roll control up to an acceptable
level, additional means of control power in the form of ailerons
are considered necessary. To aid in evaluating the control
effectiveness, flight simulator studies were made to compare
lateral-directional control of the basic helicopter with that of
the wing-helicopter combination with amd without aileron control.

The simulator used in this analysis consists of a mock-up of
approximately one half of the YHC-lA cockpit area. Forward
visibility through the windshield is approximately the same as it

is in the YHC-1lA aircraft. Adjustable control throw stops, friction,
and force gradients are provided. Aircraft flight information is
presented in two ways.

1. Voltmeters with modified instrument faces (airspeed,
rate of climb, etc.) have been inserted in place of
true aircraft instruments. These meters are arranged
in their proper location on an instrument panel mockup.

2k A servo-driven color transparency is projected on a
screen covering the pilots entire forward windshield
field of vision. This image, which represents the
horizon and ground orientation, moves in response to
computer signals, and imparts roll, pitch and yawing
motion information to the pilot.

The flight program was set up as follows:

The test pilot flew a simulated H-21 helicopter to familiarize

himself with the simulator and to give himself a base case with

which to compare the wing-helicopter combination. Except for the

fact that the controls seemed a bit too sensitive to the pilot,
simulator response compared favorably with actual helicopter
characteristics. The original intent in evaluating the wing-
helicopter combination was to fly the longitudinal case and lateral
case separately and once the pilot familiarized himself with each mode,

18
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FLIGHT SIMULATOR STUDY (Continued)

he would be presented with the coupled longitudinal lateral system.
However, it was found that the longitudinal mode was very simple to
fly but the slide presentation was very poor (jerky motion) such
that when both modes were coupled, the system required too much
concentration on the pilot's part to yield any useful information.
Therefore, roll yaw characteristics and longitudinal characteristics
were evaluated separately.

Test pilot comments indicate that the floating wing-helicopter
system without aileron control is much more stable than the basic
helicopter. However, as expected, roll control was noticeably

more sluggish. Recovery from bank angles of 20 degrees or less

was possible in both smooth and turbulent air (max +10 fps gust
peaks). Yaw control was adequate, but adverse roll effects due to
pedal displacement were not noticeable. Two and one half (2%)
degrees of aileron per inch of stick improved the roll control
considerably. (This aileron gearing increases control power by 80%.)

Small-amplitude short-period oscillations were observed in both the
2%° and 5° aileron cases. Only those of the 5° case had amplitudes
large enough to be annoying to the pilot. Adequate directional
control was available in both cases, although adverse roll effects
were still present. Although the 5° case compares favorably with
the basic helicopter with regard to roll response, the 2%° case

was considered to be an acceptable compromise since wing flap angles
are small. It is also desirable to keep aileron deflections small,
for the aileron is used simultaneously as a flap and as a wing
stabilization system.

Lateral stick step response is shown in Figure 27 with 5° of
aileron/in to show the effect of increased control power.

19
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PERFORMANCE ANALYSIS

CRUISE:

The method of analysis used to calculate the range of the helicopter-
wing configuration involved the modification of longitudinal trim
equations for the standard helicopter. This analysis, programmed

on a digital computer, ineratively determines the longitudinal
characteristics of several helicopter-wing configurations at various
equilibrium conditions. The basic helicopter trim analysis was
modified by accounting for the interference of the wing on the rear
rotor and calculating an equivalent flat plate area based on the
following items:

1. Induced drag of the wing determined by Cyp:

2 Interference of front rotor on the wing in
terms of a corrected induced angle;

3. Profile drag of the wing including the landing
gear;

4. Profile drag of the flap.

By varying the profile drag of the flaps, which is related directly

to flap deflection at different wing lifts, the helicopter water -

line angle of attack was determined, as shown in Figures 30 through

38. (NOTE: All figures are located in Appendix C). The wing trim
angle of attack was calculated by using Figure 39 (lift coefficient
versus angle of attack). The difference between the helicopter
waterline and wing angle represents the required wing incidence for

a given flap deflection. Figures 40, 41 and 42 present power

required and Figure 43 gives the fuel flow as a function of horsepower.

The following sample problem is presented in order to clarify the
procedure used in the performance analysis:

Given: .
wing incidence ( (o ) = 8.5°
wing lift = 16,000 1b
forward speed = 80 knots
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PERFORMANCE ANALYSIS (Continued)

Enter Figure 37 and find point where the delta angle between
wing and waterline is 8.5° at minimum flap deflection.

Flap deflection ( OE ) = 15°
Wing angle of attack (d,, ) = 5.0°
Waterline angle of attack

(dw;_ ) = -3-5°

For a given flap deflection of 15° at 80 knots, Figure 42
yields horsepower required of 1240 hp and fuel flow for this
sample is 950 1lb/hr (Figure 43). The miles per pound of fuel
is calculated by dividing the forward speed by the fuel flow
which, for this case, is .0842 miles per pound.

TAKE-OFF :

There are two types of take-off procedures which were considered.
The first method is to accelerate the system down the runway at
a trim attitude associated with the take-off speed and when the
take-off speed is reached, the system will break ground. The
second method incorporates the procedure where the helicopter's
attitude is such that the maximum accelerating force is in the
horizontal direction. When the take-off speed is reached, the
helicopter-wing configuration is rotated to the trim angle and the
system takes off.

The "Hartman's Analysais" was used to calculate the break ground
distance. The following equation was solved graphically and the
distance required to break ground was obtained.

S§ = -2-‘- [Vr;(\/)"

a
o

The distances to climb to 50 ft is dependent upon the available
excess power during climb. The distance to make a steady climb
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PERFORMANCE ANALYSIS (Continued)

from ground to 50 ft is added directly to the ground run to obtain
the total distance over a 50 ft obstacle.

RESULTS OF PERFORMANCE STUDY:

The all-out range was the primary area of investigation based on the

new wing configuration. The take-off distances and control positions
are also studied to insure that the wing fuel tank docs not restrict

the helicopter's operation throughout the entire flight.

The method used in calculating the miles per pound of fuel is described
in the performance analysis section. Tables 29, 30 and 31 present for
a variable wing incidence the flight characteristics for various wing
lifts, forward speeds, and rpm's for the wing in the forward position.
The criterion for choosing a given trim condition is maximum miles

per pound of fuel. Figure 44 presents a ferry range of 2400 n.mi.
using the forward positioned wing with a variable incidence. If a
range of only 2000 n. mi. is desired, the aircraft could take-off at

a wing weight of 12,100 pounds.

A constant wing incidence is desirable from a design aspect. In

studying the effect it might have on range, a wing incidence of 8.5°

was selected from take-off considerations and was held constant
throughout the regime. The same method of calculation and presentation
was performed on the constant wing incidence with the wing in the forward
position. Table 32 presents the various characteristics. Note that

the flap deflection changes with rpm at constant wing incidence.

Figure 45 presents the all-out range of 2205 n. mi. for the constant
wing incidence configuration. The take-off wing gross weight of
13,700 pounds is also shown for a range of 2000 n. mi.

Figures 46 and 47 show the range of the variable and constant wing
incidence if an additional profile drag increment is arbitrarily
added to the drag calculated with the wing in the forward position.
The flight schedule for the all-out range mission for both variable
and constant wing incidence is presented in Figures 48 and 49.

The location of the wing on the helicopter has an effect on the range.
If the wing is moved to the most aft position, that is, under the
rear door, the front rotor's induced angle effect on the wing is
increased threefold and it's related effect on range is shown in

22
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PERFORMANCE ANALYSIS (Continued)

Figures 50 and 51. The results yield an all-out range of 1975 n.mi.
for a variable wing incidence and 1765 n.mi. for the constant wing
incidence. The take-off wing gross weight is reduced to 14,800
pounds and 14,200 pounds respectively because of power limitations.

The new range as affected by wing position is computed by determining
the power required for the drag increase. The optimum miles per
pound for the aft wing position is calculated at the same forward
speed as that of the forward wing position since the drag increase
due to moving the wing to the most aft position is independent of the
forward speed. The helicopter trim angles will not change appreciably.
Because of power limits at 2300 engine rpm for the 9000 pound 1lift
condition, the engine speed had to be increased to 2500 rpm for the
aft wing position. The horsepowers presented in Figure 52 (variable
wing incidence) and Figure 53 (constant wing incidence) show the
comparison between the two configurations. The configuration with
the wing in the mrost aft wing position reaches a power limit at wing
gross weights less than maximum; hence, an additional range penalty
must be paid because the helicopter-wing configuration cannot take
off at a maximum gross weight of 16000 pounds. Table 33 presents

the range for the various configurations and their associated

maximum take-off gross weights.

The control parameters for the forward wing configuration were
studied to insure that the control margins were adequate. The
investigation analyzing the effect of moving the wing to the aft
position indicated that the control positions will not change
appreciabely from those calculated for the wing in the forward
position. Figure 54 presents the required longitudinal cyclic pitch
versus fuel weight for both variable and constant wing incidence.
Collective pitch margin was sufficient for both configurations as
shown in Figures 55 and 56.

The procedure of obtaining take-off distances was discussed in the

"Method of Investigation" section. Table 34 presents a summary of
take-off procedures and results.
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The Lagrange equations of motion for generalized coordinates
is stated as follows:

L6333 o

dt E

Where:
'T‘ Total Kinetic Energy of the system
VvV Total Potential Energy of the system
9 Generalized Coordinate

Q "Virtual Work Terms
q

The four generalized coordinates of this system are:
(&) Helicopter Pitch Angle

Wing Flépping Angle referred to
/2n  the hinge

Longitudinal displacement from a
fixed earth reference point.

28



EE Vertical displacement from a fixed
earth reference point.

In order to determine the total kinetic and potential energy
of the system, it is hecessary to obtajn the displacement of
all component parts with respect to some reference point.

In this case all motion is referred &o primary inertial earth
fixed axes.

Starting with axes fixed to the right wing as shown below:

X
"

VS\NS-si'q‘(aS 53 X,

~
]

=k cosdy = F Sivd;

The total displacement vector is obtained by rotating and
translating axes back to the fixed axis system as follows.
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(5) Rotation through © (6) Translation through x & 2
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The final components of the displacement
vector of any particle on the right wing
are:

X = X + X, Cos .(3 Cos Ly Cos @ = Y, Cos 6., Sw‘f} Cosgy Cosé
‘Y, Sin Gu Swiw Cos © + ‘Q' Cos® - VY, Sin 84 Cos Cw Sin 6
- X, Cos Ss Snw t'.w Swe + Y, Ces 3.4 SGUJS Scu (o Sm 6

+ QDSING

Y = \/. Cos 6»4 Cos ch + X, S“’JB + ’05
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Z =

2 ~ Y SwB Csin Gs® = X, Cos & Sivew Cos O

+)" Cos %.. S:~¢S3 Sin cw Cos © + ﬂ; Ces @ = ﬂ. Sin ©

~ X, Cos J“ CosCw Sim e + 7’, Cos 6..4 SlNng Cos cw Siv @

+ Y. Sim @H Siv lw Sm e

Appropriate substitution of the fellowing variables

yields the components of the'displacement vector for 'Emr
the left wing.

>
T

=B
S5, = -

3a A
Xa = X
Yo =~ N
2q T B

Calculating the kinetic and potential energy
As follows -

SRS (il*'f:* \Zb.z)clm

V = /(-Z)‘Jim
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Applying the Lagrange equation yields
the following four equations of motion

o o0

Ea (N A8 +A,0+a 2 +A X +a8 +4.8 =Q,

Ee@ Q) B 8 + 6,0 +B!°2. +e4)'<° + Bs By +6(,@~

I
&

£a G) C, 6 +CX +GE = Q,

Eaq (4) D,§+D_12' *DSG;::Q

Where:
- 2 a ( 4 4)
A" = I7 + I. SN AJ3 Cos (w + Q\Ia Sinv J;*‘Cos J_,
H

k) Y 2 2

+ 4 I, cos Jj SWJS Cos (w T A M, (1, + ﬂz )

= 413 SIN3J3 Cos J-s Coslﬁw -4 0‘1 I1 SHJ t-w

+I,‘ SnN12J3 Swzdw + 20 /0, Sin Qors Coo Cw

i
+ qc—l,Q, Cos J‘J Cos cw

Ay= ag[ LM - o Swin |
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A= = ald M- s i)

>
£
"

= [21 Mw = 0, Sin Cw]

D\[I3 COS;& *IJ SIN% -G-I /01 Cos fy} SIUC.‘,

>
“
[

+ G, ,22 Sivdy Siviw + T 4, Cosdy Cosvw

- 6-2 ,Q. ':;juc)"s (.05 Lw-]
A = 29 Snvdw[q'l S'"Jb - 0, Cosjb]
B' = Q [IS COSJS -Il Sin JJ + 0’. COSJ3 ('ol Cosiw "'@ s““lv)

Ba.: 23 SIN\'W[G‘l SINJ\ = G-,COS J;‘}

xR
o
)

Q Cos cw [«; Ssz - G‘| Cos Js-]

54 S A& Sivww {0’2 Sl“‘;) =~ S Cos J"S]
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The inertial part of the equations of motion as presented
must now be equated to the external forces acting on the
system ( C?9 ). This is accomplished by:

(1) Calculating rotor and fuselage derivatives.

(2) Aerodynamic forces on the wing were derived
by the principal of virtual work outlined as
follows:

DWW
Rq~ 5q

Where WgZFSS *Z—N\S‘P

+ ~ cConstant Force
&%  Virtual Linear Displacement
™M Constant Moment

S @ virtual Angular Displacement
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Fx T D Cos a - bk Siv AKX
Fz < L Cov o + D Sinv ae
M = M.

Virtual displacements are:

..(,(s Y_ﬂz Cosiw + M, Sin (w-]

§s

]

cgpn Y' = JX Siv Cw *J; Cis dw

4-({9[)/‘ Slu:S\\ +X‘Cszj ",02 Sinvcy {-ﬂ.(os(wj

502 JQ-J@HS:MJs
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An example of tHe wirtual work terms is shown below:

t"dqh
L

Z

If the entire system is displaced SZ then the virtual

work (FSs) done is = Lcost;q(g.a cot Lw)

aw

and 32 =l €os nocCos L

The total virtual work is:

w_ ‘\:-';Ss +F—;§s_t+‘“’\ SO

£

The following terms were derived in the same manner,
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iy e e sue oaw o SNE SN OEE D S0 N O 8 BN U

EQ() Q= A, 0 +A8 +A 2 +a,x + A0 7,6

4]

=4 (:) QP = 87"’% + ‘."" D+ B? ;{ * Blo;( + t”u @u + th ﬁ»

£8 () C, 6 +¢eo +C 2 +c,x v b e B

L

(]

@) Q, = D &+ D, 6 +D&i+p7§ +1>$@',, 4]276“

-

EQ () Pitching moment equation

EQ (:4) Wing moment equation about the
flapping hinge

Eeo (3) X - Force equation
£Q (4) 2 - Force equa:ion
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TABLE 1

TABLE OF CONFIGURATIONS

T R
12 O !| Fwp o] 0} FuLL
| | 45| Fwb| O o) FULL
4 O | FWD | / FULL
18 | 0| FWD l [ EMPTY
20 | O | AFT 3 3 EMPTY
2t |O| AFT| 2 2 EMPTY
22 | O] AFT / ] EMPTY
25 | O| AFT| 3 3 FUEE
26 | 0| AFT| 2 2 FULL
21 | O | AFT 1 ( FoLL

OR CONFIGURATIONS USING GEARED

FLAP, INBOARD FLAP

MOVES COUNTER

T0 WING DEFLECTION; OUTBOARD

FLAP MOVES

WING.

IN SAME SENSE
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TABLE 2

TABLES OF NUMERICAL COEFFICIENTS

Input Sheet

[T201 1219 [237 1255 1773 1291
1202 1220 238 756 127% 1292
—A_, —MQN "ﬁq - MiH -A.o -M)?“ - All
1203 1221 1239 Z57 1275 1293
Ay = Ay - Mg, O O Ay = Fg
1204 1222 ?240 1258 1276 1294
D, D, 0 D,
1205 1223 241 1259 1277 1295
‘Dq -25,; _Db-iin -"D'I-E;N "Dg
1206 1224 h242 1260 11278 1296
~Dg = Zoy, o o ~Dy
1207 1225 ans 1261 1279 1297
CI o C2 C3
1208 1226 | P17 1262 1280 1298
~G=Xg, | -CL-x%s, |-Co-Xi, | - Cs
1209 1227 h245 1263 1281 1299
- Cs-X5, o) o) - Cq
1210 1228 1246 26— (1282 1300
B| 83 84 BS
1211 1229 247 - 1265 1283 1301
= B‘7 -84 - By - B,
1212 1230 248 1266 1284 1302
+ BD "B% o O 8&1 = B‘;
1213 1231 § V1Y) Y 1285 1303
1214 1232 1250 1268 1286 1304
1215 1233 fL251 1269 1287 1305
1216 123 hzsz 1270 1288 1306
1217 1235 753 TZ7T 1289 1307
1218 1236 254 1272 1290 1308
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TABLE 3

LONGITUDINAL CASE 12

[TZ01 1219 737 755 73 1791
la{ 216 - 5642 2649 (31400
1202 1220 238 1256 274 1292
194176 e IRE - 97/ ¢0le
1203 1221 — 239 257 275 1293
- 920 573 o) o - 12480
1204 1222 f240 258 1276 1294
- 5037 7%0 o - £530
1205 1223 241 1259 1277 1295
- 09p g4 7% - 433§
1206 1224 242 T2e0 1278 1296
14 4(&4 O O ()
1207 1225 *ans 1261 1279 1297
_ 26 56 o 700 - 3%
1208 1226 1262 1280 1298
- 42 -3 44 Ve d
1209 1227 245 1263 1281 1299
-qa%0 0 0 o
1210 1228 248 1266|1282 1300
G2 400 ~ 8830 = 55 Hceo
1211 1229 247 1265 1283 1301
34467 - 437/ ~ o ¢a3lo
|1212 1230 248 1266 1284 1302
- $743%0 o o o
1213 1231 jlzw 1267 1285 0 1303
1214 1232 sto 1268 1286 U 1304
1215 1233 251 1269 1287 / 1305
1316 1235 tzs2 1770 1288 1306 0
1217 1235 253 TZ71 1289 1307 0 1
1218 1236 254 1272 1290 1308 /
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TABLE 4

LONGITUDINAL CASE 1

1201 1719 f237 1255 1273 1291
224 %% - 5093 2650 4547
1202 1220 238 256 127% 1292
147933 ~G0a 2 - 909 43 110
1203 1221 239 57 1275 1293
- 73300 0 o 469234
1204 1222 h240 1258 1276 1294
~ 5097 760 o -3n0e
1205 1223 f241 1259 1277 1295
- 704 $£%9 78 -30212
1206 1224 k242 1260 1278 1296
<0 100 o} o - 13206857
1207 1225 1253 1261 1279 1297
2¢50 o) 730 =322
1208 1226 Pzaz; 1262 1280 1298
-9q3s5 -cq Dt 2 8Ia
1209 1227 245 1263 1281 1299
~9300 o o) 2%10
1210 1228 kzae 1266|1282 300
45%7 | - 463y - 324 (2250
1211 1229 247 1265 1283 1301
27740 -2 | - 7385 136739
1212 1230 1248 1266 1284 1302
~40338S% (o) () 279717
1213 1231 | 1¥ 23 1267 1285 1303
1214 1232 11250 1268 1286 1304
1215 1233 h2s1 1269 1287 1305
1216 12% 252 1270 1288 1306
1217 1235 253 1271 1289 1307
1218 1236 254 1272 1290 1308
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TABLE 5

LONGITUDINAL CASE 4

r256

1201 1219 237 255 1273 1291
Foxz  Bllriies S8
1202 1220 238 1256 1274 1292
Cnrze /7.1

1203 1221 239 1257 1275 1293
~ 2907 (s

1204 1222 240 1258 1276 1294

1205 1223 h241 1259 1277 1295

1206 1224 jr242 Tr260 1278 1296

2087

1207 1225 243 1261 1279 1297

1208 1226 p24d 1262 1280 1298

1209 1227 245 1263 1281 1299
h =R ]

1210 1228 246 1264 1282 1300

1211 1229 ha47 1265 1283 1301

1212 1230 248 1266 1284 1302
12 7¢o

1213 1231 3] 57 1285 C:> 1303

1214 1232 1250 1268 1286 (:) 1304

1215 1233 251 1269 1287 1/ 1305

1216 1234 252 1270 1288 1306

1217 1235 253 1Z71 1289 1307

1218 1236 1272 1290 1308

67




TABLE 6

LONGITUDINAL CASE 18

1218

]1254

ITZ01 1219 237 17535 1273 1231
el % )= T A | !
1202 1220 738 1256 1274 T li292 T
[ 23 en i = =08 !
1203 1221 ﬁzw 757 1275 1793
A C |
1204 1222 240 1258 1276 1294
= /Ll ¢ ) ¢ N
1205 [ 241 1259 1277 1295
- 115 Gt | -4 7¢(
1206 1224 h2a2 1260 1378 1296 T ]
SRR ¢ & 2407
1207 1225 243 1261 1279 1297
37 o Q¢ = {8
1208 1226 255 1262 1280 1298
~ 7 Z ~ 71 2 o
1209 1227 [r255 1263 1281 1299
- 10632 o) 41 o el
1210 1228 246 1264 782 1300
]+ -y -0 ( s
1211 1229 247 1265 1283 1301
ZEENLNT - -l e Yo
1212 1230 {1248 1266 1284 1302
— 51549 0 o 192 700
1213 B RYX)! 1259 1767 1285 1303
1214 1232 [1250 1268 1286 1304
1215 1233 ?251 1269 1287 1305
|
1216 1234 252 1270 1288 1306
()
1217 1235 253 1271 1289 1307
0
1236 1272 1290 1308
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TABLE 7

LONGITUDINAL CASE 20

1201 1219 237 1255 1273 1291
046 ) el o ] ~23%
1202 1720 kL] 756 1274 1292
L6 N - 72 R N iz =l
1203 1221 239 1257 1275 1793
R EERA O O B
1204 1222 240 1258 1276 1294
142 f.o7) r (@ -t
1205 1223 h2a1 1259 1277 1295
17977 |0 7 -,
1206 1224 262 1260 1278~ 1296
LA 4 ANV
1207 1225 Hma 1261 1279 1297
51 S -0
1208 1225 244 1262 1280 1298
- b 4 ~-73 A 4 354
1209 1227 245 1263 1281 1299
— 9%%4 0 0 /
1210 1228 1256 1264 1252 1300
- 3159 ~ L7 ~ 0 f /(=
1211 1229 247 1265 1283 1301
- $73¢0 =4qige | — Mot G220
nziz- 1230 | VIA:} 1266 1284 1302
- $62952 -0 o) $Loceo
1213 1231 259 267 1285 1303
1214 1232 250 1268 1286 1304
1215 1233 T251 1269 1287 1305
1216 1234 g Viy) 1270 1288 1306
(1217 1235 253 1271 1289 1307
1218 1236 254 1272 1290 1308
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TABLE 8

LONGITUDINAL CASE 21

[T201 1219 [[237 1255 1273 1291
al -
1202 1220 238 1256 1274 1292
1203 1221 1239 1257 1275 1293
~ 930D
1204 1222 ?zao 1258 1276 129
1205 1223 k241 1259 1277 1295
1206 1224 242 1260 1278 1296
1900
1207 1225 243 1261 1279 1297
1208 1226 24 1262 1280 1298
1209 1227 K245 1263 1281 1299
1§ 6
1210 1228 1756 364 1282 1300
1211 1229 247 1265 1283 1301
11217 1230 12438 1266 1284 1302
AC200 D
1213 1231 2%y 1767 1285 1303
1214 1232 250 1268 1286 1304
1215 1233 251 1269 1287 1305
1216 123% 1252 1270 1288 1306
1217 1235 rz53 xp! 1289 1307
1218 1236 254 1272 1290 1308

* ALl blanks same as Case 22

70




TABLE 9

LONGITUDINAL CASE 22

[T201 1219 ?237 755 1273 1291
797¢7 142 179 - 279
1202 1220 m 256 1274 1292
1513173 = 22 A R103
1203 1221 IZ39 257 275 (1293
-9¢274 | . 0O O ASo0
1204 1222 240 1258 1276 129
142 407 o) A
1205 1223 pas1 1259 1277 1295
1797 Gilo 71 - 27
1206 1224 242 1260 1278 1298
R0 %0 o %) L - bou
1207 1225 ﬁzas 1261 1279 1297
3¢ o ) | - ¢ |
1208 1226 szw 1262 1280 1298
- Lt -7 2 354
1209 1227 p24s 1263 1281 1299
- 93%4 o) o) -
1210 1228 [ 17 1264 1282 1300
- 23¢9 -] -6/ leaco
1211 1229 247 1265 1283 1301
- 13 | =480 - 164 (7228
1212 1230 1248 1266 1284 1302
- §£62952 0 0 245 000
1213 1231 va 1267 1285 1303
y )
Ji21% 1232 250 1268 1286 1304
- 0
1215 1233 251 1269 1287 ‘ 1305
1216 12% 1752 —770 1288 1306
1217 1235 1253 1271 1289 1307
1218 1236 rzsa 1272 1230 1308
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TABLE 10

LONGITUDINAL CASE 25

rzsmr

[T201 1219 237 1255 I73 1291
1A ey 1177 o - 5D
1202 1220 738 1256 1274 1292
| G2 — 245 ot AT
1203 1221 1239 257 1275 7293
= L2 5y ) S
1204 1222 240 1258 1276 129
997 790 ¢ = A
1205 1223 h2s1 1259 277 1295
G2 | el 79 2 )
1206 1224 p2s2 260 1278~ 1296 T
174¢4 @ I {1}
1207 1225 243 1261 1279 1297
200 1S O IO IR :
1208 1226 W34% 1262 1280 1298
- 1o - 706 J.‘ o J
1209 1227 245 1263 1281 1299
—- T30 G - B
1210 1228 hzaa 1264 1282 1300
~156/§ =S A '
1211 1229 247 1265 1283 1301
- 573 SRR N Y 1) e
1212 1230 248 1266 1284 1302
- 5749506 : ) o
1213 12317 33 12567 1285 1303
1214 1232 250 1268 1286 1304
1215 1233 251 1269 1287 1305
1716 123 VD) 1270 1788 1306
U
1217 1235 1253 TZ71 1289 1307
0
1218 1236 1272 1290 1308
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TABLE 11

LONGITUDINAL CASE 26

[T201 1219 P237 17355 1273 1291
1202 1220 hzas 256 7% 1292°
1203 1221 ‘ﬁ239 757 1275 1293
-~ 2000
1204 1222 240 1258 1276 1294
1205 1223 f241 1259 1277 1295
1206 1224 242 1260 1278 1296
3400
1207 1225 ‘5243 1261 1279 1297
1208 1226 2644 1262 1280 1298
1209 1227 245 1263 1281 1299
/S O
1210 1228 kZEG 264 1282 1300
1211 1229 247 1265 1283 1301
1212 1230 1248 1266 1264 1302
ey AN Y
1213 1231 3 1267 1285 1303
1214 1232 ‘hzso 1268 1286 1304
1215 1233 Ra2s1 1269 1287 1305
1216 1234 kzsz 1270 1288 1306
1217 1235 ‘:pzss TZ7T 1289 1307
1218 1236 254 1272 1290 1308
* All blanks same as'C_a.se 25
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TABLE 12

LONGITUDINAL CASE 27

* All blanks same as Case 25

74

TTZOI 1219 737 1253 1773 1291
X
1202 1220 1238 1256 1274 1292
1203 1221 hm 1257 1275 1793
- %200
1204 1222 240 1258 1276 1294
1205 1223 fz41 1259 1277 1295
1206 1224 f242 1260 1378 1296
—Ge o
1207 1225 ﬁaa 1761 1279 1357
1208 1226 A 1262 1280 1298
1209 1227 245 1263 1281 1299
5D
1210 1228 746 1264 1287 300
1211 1229 247 1265 1283 1301
312 1250 748 1766 1284 1302
ager
1213 TZ31 | ¥L3) 1767 1285 1303
)
1214 1232 1250 1268 1286 1304
0
1215 1233 251 1269 1287 1305
: |
1216 1234 Jﬁzsz 1270 1288 1306
YIVA 1733 753 271 1289 1307
1218 1236 754 —1372 1250 1308
S= P

e
— v 30




TABLE 13

SUMMARY OF ROOTS OF THE LONGITUDINAL CHARACTERISTIC
EQUATIONS - SHOWING PERIODS AND TIME TO DOUBLE OR
HALF AMPLITUDE

RooT 9
CASE PeErRIODS .
Time To Douvere (#) or Haur (=) pmruiTupe
"86 "'WG’O i -4{3 —Z-SO
|2 & Goli | +-06834 .
1045 92 —_— p—
373 905 /-£8 - 28
274 -e3r ~0633 | -(ai7
| + 379 + 11390¢ »
16-58 452 — —
253 292 | re9s | 32 |
‘(8o = -2.6'9‘ - o504 -2:4 40
4 [+ - 003¢ |2 1TI6E __
l0-42 366 U L
385 2-69 13.75 ‘28
- 1587 = 4'755— _'_.ooqz - ({0
I8 + 36674 |+ 427 e
1-71 —_— = —
4 4é: ‘18 753 630
--2997 ~1-798 — 0213 -3.0828
+ 25824 | 15887,
20 2433 | _rov - —
2:3r -39 32.39 2z
-+2837 -1-78% -
-313) ‘0218
21 +-2¢48< |t 48038¢ 1314
2373 /- 305 o =
24y -39 ‘22 32:-39
- 2567 -1r1506 = - 0213
22 27766 | & 392930]  T35¢
22:63 /83 — ——
2 700 RY-L] et 32-39
-/083‘ - 34! ' -2.70 - 063
a5 + 516 ¢ + 3i6l«
12:/8 1199 S —
6 4o 203 26 1095
- (08 =340 2o -1 063
‘515 ¢ | £ 2644
26 + 5!
12:20 2-38 — il
642 2-04 ‘26 1095
- 108 --339
. -2 - 06
27 + 513 + 1'%« e &
1225 321 = -
642 204 26 /0:95
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LONGITUDINAL CASE 12
30 F.P.S. GUST

-

FIGURE
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LONGITUDINAL CASE 1

30 F.P.S. GUST

1l SEC

FIGURE 6
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LONGITUDINAL CASE 4
30 F.P.S. GUST

——

FIGURE 7
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LONGITUDINAL CASE 18

30 F.P.S. GUST

FIGURE 8
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LONGITUDINAL CASE 22
30 F.P.S. GUST
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LONGITUDINAL CASE 25

30 F.P.S. GUST
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LONGITUDINAL CASE 26
30 F.P.S. GUST
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FIGURE 13
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LONGITUDINAL CASE 27

30 F.P.S. GUST
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FIGURE 14
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TABLE 14

TABLE OF MAXIMUM WING DEFLECTIONS

(LONGITUDINAL)

cast | T, e et
12 244 86-0
{ 230 —
4 3 403
(8 34 Gan
4
20 86 2:3
4 s 2.3
22 &4} 9
25 { 7
26 1y &3
PR
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APPENDIX B
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GEOMETRY & DISPLACEMENT DIAGRAM
LATERAL~-DIRECTIONAL CASE

FIGURE 15
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s o g T e —

I

LATERAL-DIRECTIONAL MOTION

DISPLACEMENT RELATIONSHIPS

Consider the VY & 2 displacements of a point at any span-
wise location due to a small disturbance dCP about the roll
axis.

59 = —Qﬂ«'«dcﬁ + (e4r)(60954: -;\

For small disturbances, we can assume:
Sid = ¢
$os 4’ = .

Hence
. = -4

Simarily, }4 = (e+r)

Xy = —(e+v)

= l

and ;‘r ‘

{%p s \S;;153

z2p= 7 bmsy L4,

O (fw enitial fy = 0)
Y 400 J} 1529496

)
NN
1" te
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e s

b i it o et g

4 - . Y

(.I /¥ Pu =

2 I e " i LIME OF J¢ 2 @
¢ 74 SCCTION ¢ ,. ;‘:4 -~ {Q 4 Y)

Loowxmg Fiup.

Zz ‘ /’Louq ¥- Avs |

X}

Xy = ~le+v)
I B = dy = lo
< Y
L .

-]

Qp= 5558 d3
\E‘x xf-'— 7’4@53 &;90
- __pllto xef. axis

= Ys = 2ERO

ZF = T-‘(ogz oo é,

©, = Angle between Ref. Chord and Ref. Axis

9,6 = Rate of Change of Incidence with ,é.:
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Expressing the differential displacements in a series.

ol

I

21_‘/ 4 2,0/ -+ 3,0’,,
3* ¢ };' f. %; fg

o o zpay o Zdp,

n

Differentiating with respect to time.

and dz = Z¢$ + ewfl + E'fpou

Xé) ¥ ¢ etc. are all constants, being functions only
of system geometry.

The above velocity increments are referred to the reference
axis system. They must now be referred to a wind axis system

in order to determine the total velocities normal and parallel
to the free stream.
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Resolving normal and parallel to the flight path:

= - A fg IIAIA 0” -+ d .:.q ')/” 0”

AV = ﬂ;%,fm[), + Aé \Q\.AQ"

V‘ = V -+ Av = VO o x.f L;A” QN 4 .‘Tppo-ém 9"
t o2y ci&;/\, + ippofwléu

h' b “.'Z*l;' I(A«;BH -x“/g\QMQH -+ 3¢$60)9~ *%p"‘” BH

4

For convenience, we write:

-

V = Vo + C,.(; + Cz(?) -+ C.;(? @

Where (, = (Q+ Y) &:\QH
G, = —(€+\’> -6”9”
C; = f(natg &Q(QO-r 9,..)

[ 0 ;
and  h. = Cucf + Cs"q.;. - C(,(go @

where b = (e+v) b Oy
t¢ = (e+rr) Son O
Ce = YHtor J_g danl 6, + 9")

Squaring terms in Equ. (3), and dropping second order
terms, we obtain:
93



Aerodynamic Forces and Moments at a general spanwise station:

2 . 6‘
Vier ——S . -
Vg

b

The steady state angle of attack at the general spanwise
station is given by

9- = 904‘ gn *,pﬂ‘n‘;g.‘ —'6(0

¢

For any disturbed motion, the angle of attack becomes:

9- = 9 "’ﬁ’L\s\;J, "0(0 + _‘_‘3« (6.‘9“*9.)
Vi

The section lift is given by:
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e oees e DEN G WE WUE WS

oix v P T W R Wl [ ST

2 . ®
L= g pVtacforplos + L — o

[
= k,V;‘{G + B Lady -—,(OE + koL,

where
k' = ..L/oa c.

2

Section drag is given by

b - . )

4 F'

The drag coefficient ED is based on the steady state
1ift, and the correction term QD §4., takes account of
SV

changes in drag arising from wing flapping disturbances, and
is a function of S, and the flap gearing ratio. The drag

coefficient is given by:

-2
/
C'D > C-Da + K C, :
R
where C. = steady state lift coefficient

we can write the drag in the form

PV = ks V_':L + Cy,, ﬂ{pc\/oz'

- 2 o
Ies Vot + Qe V, C1 P+ 2l¢ V, Cay

L]

Sy U c3fy + 2 PVt Cop B
+ wWociflu + 2 PCVo DA PH
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where by = B__C_ZC_O

For convenience, we write the drag as

D = Gt Cob oo G o Cap v Capg @

4

{1

where Cy kg Vb Cq= 2k e, Gy o2 gCVn"CD,‘
z

Cg 2ley VN Co= 2keVp g

te
'

The lift force can be expanded as follows

4

Ly o= bV (0-%) + bV (Sns,y - %?W’ v

f 3 ko vo”((?"o(o) + 21<.Vo Q(D'd)) & + Zk. VOC}_ (9-.,(0)1p

*2’(|U0C3(9’o/o)z" ¥ ‘(.Vaz'ﬂ(a,'\53_ %ﬁ(_‘)
ﬁ

+ l(p UO Cu (; + ke, Vo Co 1;!‘ + ki vb Ce¢ FOH
° o
= C + Cq_g¢ + Gu (‘3 + Cis ﬂ" + Cie gﬂ @

where Clz, — k. Uol (9—'0(0)
(23(.\196‘[9—./0] + kv, Cu)
Gy = (Z'ﬁ Vo i L O-obdl + ki Vs CC)

e
3
"

G = (ZL'.\J,, 3L 0-0k] + i\ C‘)
,(| Uot( Lv.\ 5-5 = é:{_@)

b/:u

0D
<
I
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M.

pitching moment equation is:

2
é-f’va c? ( Chm

Ac

LC,?—{ C'1A(_ + }__(;MA(_ (;“ + CMck( b 4 ﬁlSl“g3

Y o
e P éﬂb 6u + Zﬁi >}

+ CM&[G-N,J )

+ 4pvn( w1 o LBy - 5—“315
[

(

o
+_L_Pv“1\“"cl(kq‘(

t 4

b oyt (Cuy v Culomw])

+ csza C'(C”»c + (,h[(—)—o(o]) ¢

+ LZP V° Cz(CHAC 4 CM‘I_'S—«-(.)> ‘l(}

v CpV, c, (c,.“ ' c.,dte-o(.]) (3',,

-+ _é_c"f \/oz p“ ( epe 4+, C‘"u‘[ Sk'\é‘gva__h!_o])

apu B‘Ssl

+,é(.1/3(md Vocqi) + _?I_.(_"Io Cony Vo €5

* L sz’ Cag Vo e fu
+ Czo t{' + C2| (§“ + CZZ ‘S“ @
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,vaoz (CMAC + Cf{“[ﬂ—dn:’)

CIQ = Czpvo (Cl[CHM- + Cu‘*{e“f"aZJ 4 %« (q)

!
—
-~
Le

I

where C,g

CZO = (‘2() vo (CZ[ CMA( + CHMEG)”‘(of] k) (.:_‘,’_‘_f Ci )
Ca = c."loV,, ( C3[Cuyp t Cma { e-«.}] + C{;—"‘ C, )
o oV s + Cu [ Sibs - e 1)

Caz = Q_g_vo( @DT::’ + Cu | 3 Bf"]

Finally, resolving back to reference axes,

N;

N, = 'L;4» B, % D; S0y
P, = D;bm 6y - L; S by

N: = Cp bo Oy + C; Lu 6y ‘
+ ‘:‘3‘2"50 O ¢t Cg 4‘; L. 6, (+ Ca 4‘)
+ Gy o O % Cs":~£~'~9n ("(2“;’)
Vs bt ¢ Gf S8 (¢ Caufn)

+ (:‘" ) ey -+ (,, ,ﬂn _,Cw 9“ (-l Cz7 /;,,)

g



B N e T

- =) a3 2R @SB @E

—— el s

L= -/ w

where

C7v/to QH -— (‘:IZ &;\ ‘OH
o 0 o
° o C
C, (' os 6, = Cuy 4’ Sea 9” (f C3o J))
[} 2] ]
Cio ﬁ,, Lo 9,, = Cg FN Lo By (f Cs 60‘)
The total rolling moment due to N is given by:
¢«+£/ erR
sats - Ny sdls ®
evh,
€ = distance of hinge line from fuselage
centerline
R, = spanwise location of break in flap,

measured from hinge

R = span of wing outboard of hinge

< = spanwise coordinate, measured from
centerline.

The derivatives of L, with respect to & ¥ &,
are therefore given by

and P

' t+R,

L.‘; = —fc,q{ sds -

Q¢ P‘

o — el ——
L-'* — jcz"‘. sd's

dvR
C;q. Sds @.’a’
e’fd.
arR
j ¢y, Sds (b)
4Ry
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0""" .|'~0£

e (Y
Qv*RI e+ R
Ly = -f Cy. SdS - 5 C sA's ()
> 7| > P o
# e ¢ et R, 21,
Subscripts ¢ and ©° now denote the inboard and

outboard values of the general term e

Similarly, the yawing moment derivatives are:

e-o»ﬂ. ce R
N; = f Czqn sds + f Caqo s (&)
< e+R,
.3
et h e+#
N:t =f Cyp . Sds / C 20, sd's ¢)
® 4 (!,Qp.
e+ Ky etR
s = Cay Sds  + y C3, sds €
N(‘ -[ Bl‘_ CGRI ¢
et R et R
N' = ( Csp, 8ds  + Cye, sds )
e 2 CQ-pq
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The wing hinge moment can be written:

'\q = "’14.0“53 - f’,;r»/aé’s.ﬁ;a,

[ [}
= (3¢ + C3¢ ¢ -+ Cu,'l[J + C37{3N

Where:
Ci10 = C1q &8y — v hooSy (Cg Si 6
C3¢ & Cio Sundy —74¢5,<cq&~‘\9
Cyp = €y Sl 8y —vdeds (sl o
Cig = Cafndy = rdab(c, S0

Then the hinge moment derivatives are:

P R

+ Cgfy

Cny 6@6)
Cw 600 ©)
Cis 60 B)
Coo 626 )

H; = f C3s, dr  + j;' Csc, dr @ @)

[}

R R
f Cypp v+ f C3p, W
;

o

2.
Ko
L]
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Evaluation of the Integrals
The folling damping derivative is given by the expression:

erds erd

A; = —/ Cuq g2 s - fcz,‘ s&s
o e,

¢ - Gy Lo éu + Co Jas Oy

v

= (Zk,\{, Gl o-og] + ki Vp cu)J«e“ + 2k V, ¢ ~£~'~9~

¢, = (g_-o-l).f«léﬂ k\ =il-,oac.

Co= ((.ff) 6&9“ ks =é IOCE;
Therefore, Czq_ = (e-'.f)(z k. VO [e-qu &..\ e“ + '(. Vo "” 9") ‘Qe

¢ erl(2ls v, S20,)

= C’z’ (g+ ')

el
Thus, L= - Coy[ lexv)sds: - ¢, [ (err)sds

o e+ &,

from the definitions of e, r & 8, given in Equ. (8), it can
be seen that:

e+r = S

: e Ry ; eeR 1
Hence: L; . -Cuufo stas - Cay, f;".s s
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o= = TED U N D WS

in a similar manner,

'
e+h R

, \
Lf‘; = = Cye, f Stds - c,:,.of s*ds
« o) (Y2 4
The flapping moment derivatives, L é & bpe are
handled as follows:
e+€. e+t
L‘: w 'f Cag, Sds - f Cae, sds
c e+l

(The lower limit in the first integral becomes ‘'e', as there
is of course no meaning to the integral between S=o and the location
of the hinge at station <.e )

Ca¢ = <2k,\)° cs[ 6] + k,\{,Q)(neu + 2k V, ¢y Sk By

Cy = Y“nt% S 2]

Cc © Ytm$) 60 6
nence, Cac = T 408y (21c Vy LO-ct) S26 + kyVs €00 0)fne
+ vgna’g(ak,v,&.;e&.;e..)
= v (

Substituting v = s-e . the expression for L/“
becomes :
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s

e+

e
z_; x -Cz'“ f S(S'—e) ds - Czl‘o_( s(s-e) ds
e ¢4l

The Aerodynamic stiffness derivative is given by the expression

[ A *d ’ e+

AA - 6’27‘/ S & - sz,/ S8

C*('

Gl Coy = LRE[ S5, - 200 ] 6n 8, - ek a».r.;e,,
26

J o,

The term avﬂ is the rate of change of section zero

lift angle with wing displacement, and is a function of the

flap gearing. Likewise, the term ~Co accounts for
:La

the variation of section drag coefficient with flap gearing.

The derivation of the yawing derivatives is exactly analogous

to the foregoing, and without any further work, the formulae
are written below:

ek e+R

° / 2 ’ 2

. . [} Cfé'
e+ &y e+

U4 2 ' 2

N‘; »n C!O." ( S dS + Csoo f s ds
0 ey
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-— ee wm TEE T PN

C*’el e+ R
P y
Nﬂ" = ca,",{s(sw.)a/s +  Cy, s(s-e) ds
e Q-'p'
e+ R o+
Np = C:z;f SAds v Cyy, sas
[ A prl
4 Y
Czq = Cagq C 3 - &.’.
c+r A

Expanding the hinge moment derivatives, and again
using primes to indicate those terms where the
variables (r) and (e + r) have factored out

[+]

, @ .
'Vzg == C'q(. 1«;53( (2,4 Y) dr -+ C,'qo @5;({24 f)dv
Ri

." l
= Cq Sy Ll O e ) — ¢ borSy Goi 6 vle 40)
4 ° @ 0

’

& R
-C/3 ‘(@‘)} (w&/ Y/efr)dt’ - C,t,o-é;,J', 1{”& J’/ef /)A’
< > <,

3
i

, ﬂl P ﬁ
€031 ,C‘lé_}/(e+f)£/v -~ G, _{,,; 83 (eer) v
- ° * <,
¢ , & 2
—C9<, '{.'oz)}j.;?/?’/e-fr)a’r - Cy: /p;)} _,Cg&/l‘rferr)h

P ol ' R
- CN" -{w‘% -J.;o&/ V/ef r)a/' - C,.,o &); {pd 7le f'r)dv
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~

’ ) R
FZJ = C‘".Lv:;,/?’db’ + C‘,,._LLJJ/ volvr

o

Ry R

-C,,:,dfaé}.c..l/v’n’r - Go Coody L. O vt oby
N ’ /3

& R
s, Gy G vl = i boody Sm O] T
§ 4

/] ¥4
My = (,;;.L..‘-J{/c/v vl S8y )

“

£ R
"C//‘-d,(ﬁ‘g LMQ/VW - C”OJN(&L’LG‘ZVW
o ’

' R
= (‘,‘A: {CDXJ 4(”9/\7&"’ — (‘/(O 4{&0{; '(” 9/ ’}'W
o A'
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TABLE OF CONFIGURATIONS

TABLE 1

5

i R el e ey
12 | 0| Fwp o 0 FULL
| |45 FwD| O o FULL
4 | O] FWO | / FuLL
18 | 0| FWD | [ EMPTY
20 | O | AFT 3 3 EMPTY
2t | 0| AFT 2 2 EMPTY
22 | O | AFT / [ EMPTY
25 | O| AFT| 3 3 FULL
26 | 0| AFT| 2 2 FULL
271 | O | AFT | | FuLL

OR CONFIGURATIONS USING GEARED

FLAP, INBOARD FLAP MOVE S COUNTER

TO WING DEFLECTION; OUTBOARD

FLAP MOVES

WiNG,

IN SAME SENSE

111

AS




TABLE 16

TABLES OF NUMERICAL COEFFICIENTS

m 1219 1253 1273 12971
I, lo] o dw
1202 1220 756 127% 1292
1203 1221 233 757 275 1293
(o] o o "Lﬂ
1204 1222 240 1258 1276 1294
1205 1223 h2a1 1259 1277 1295
~-Ng - N -NMy -Ng
1206 1224 k242 1260 1278 1296
o) O ) o —AJ@
1207 1225 me 1261 1279 1297
= e My o
1208 1226 tlzaa 1262 1280 1298
o 1,4, - Vg o
1209 1227 1245 1263 1281 1299
-, 4 o o) o)
1210 1228 | $213 1204 1 1300
1211 1229 h247 1265 1283 1301
- ; - :' (o) -M g
1212 1230 1248 1266 1284 1302
O o) O -M p
1713 1231 (229 TZ67 1285 1303
1214 1232 sto 1268 1286 1304
1215 1233 Tzn 1269 1287 1305
1216 1734 252 1270 1288 1306
1217 1235 Hr!n 1271 1289 1307
1218 1236 254 1272 1290 1308
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LATERAL-DIRECTIONAL CASE 12

TABLE 17

A A e AAA Rl 0

A G I DI IS o .

v 0 R

1201 1219 237 1255 1273 1291
118090 0 0 6100
1202 1220 }1238 1256 127% 1292
4530 - 43350 1305 L9400
1203 1221 739 1257 1275 1293
0 0 O o
1204 1222 k240 1258 1276 129
0 194160 o 4690
1205 1223 241 1259 1277 1295
217 HS446 - 20l - Iy
1206 1224 h242 1260 - 1278 1296
o o (o] 0
1207 1225 243 1261 1279 1297
0 0 16000 0
1208 1226 224 1262 1280 1298
(o) 135 0581 1)
1209 1227 245 1263 1281 1299
=J2 0 0 0
1210 1228 —12%% VI 1283 T300
67100 Ligo 0 Soo000
1211 1229 1247 1265 1283 1301
{S960 -4 8Ny o S5y
1212 1230 248 1266 1284 1302
(0] 0 0O 0
1213 1231 249 1267 1285 1303
@)
1214 1232 1250 1268 1286 1304
O
1215 1233 251 1269 1287 1305
1216 1234 252 1270 1288 1306
1217 1235 253 1271 1289 1307
1218 1236 1254 1272 1290 1308
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LATERAL-DIRECTIONAL CASE 1

TABLE 18

[T201 1219 1237 55 1273 1291
1"H&094 7] 0 4 7900
1202 1220 238 1256 1274 1292
9450 - 43550 130+ § L qee0
1203 1221 239 1257 1275 1293
0 0 0 332900
1204 1222 k240 1258 1276 129
(& 194760 o J3to
1205 1223 h241 1259 1277 1295
~¢g4s0 546 -2ol =20
1206 1224 h242 260 1278 1296
o 0 0 - 42180
1207 1225 243 1261 1279 1297
(] 7 {r060 0
1208 1226 frz4a 1262 1280 1298
(/] 135 X X%/ o
1209 1227 245 1263 1281 1299
-32:2 0 0 0
1210 1228 246 12%4 1282 1300
47400 3310 0 25000
1211 1229 247 1265 1283 1301
43270 - 35073 0 2500
1212 1230 fizz8 1266 1284 1302
0 0 b)) 154390
1213 23T 1259 1267 1285 1303
1214 1232 1250 1268 1286 1304
1215 1233 fL251 1269 1287 1305
1216 123 252 1270 1288 1306
1217 1235 753 1271 1289 1307
1218 1236 254 1272 1290 1308
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LATERAL-DIRECTIONAL CASE 4

TABLE 19

{1701 1219 [VkY) 753 273 T231
/8090 o) o 67100
1202 1220 238 1256 1274 1292
99380 -633¢0 130:. ¢ 69vo0
1203 1221 739 1257 1275 1293
[»] 0 0 lo6 800
1204 1222 240 1258 1276 1294
o 194100 0 1718 90
1205 1223 f2a1 1259 1277 1295
-¢4 S0 1Syl ~ 2ol -3¢
1206 1224 Pzaz 1260 1278 1296
0 0 0 - 6490
1207 1225 243 1261 1279 1297
(o] [s) {+000 0
1208 1226 244 1262 1280 1298
0 13 *0S81 0
1209 1227 245 1263 1281 1299
-7 o] 0 0o)
1210 1228 246 1254 1282 1300
72100 4690 0 S0000
1211 1229 2647 1265 1283 1301
65 900 - 4811¢ ) F34 0
1212 1230 248 1266 12864 1302
(] 0 0 s
713 1231 1§23 1267 1285 1303
1214 1232 1250 1268 1286 1304
1215 1233 1251 1269 1287 1305
1216 1234 ~ 252 1270 1288 1306
L1‘217 1235 753 T271 1289 1307
1218 1236 rzst. 1272 1290 1308
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LATERAL-DIRECTIONAL CASE 18

TABLE

20

1201 1219 ?237 1255 773 1291
15980 o o 96os
1202 1220 238 1256 1274 1292
929685 - (024 76 6100
1203 1221 h239 1757 1775 1293
o o o loo 800
1204 1222 240 1258 1276 1294
o §¢285 Q - 3¢
1205 1223 241 259 1277 1295
~ 1275 S660 - 86 4 259
1206 1224 262 260 1276 1296
o o o -6%90
1207 1225 243 1261 1279 1297
o) o] /-000 o
1208 1226 ana 1262 1280 1298
o 13¢ + 1l o
1209 1227 245 1263 1281 1299
- 3222 o) 0 (o)
1210 1228 246 128% 1282 1300
9605 -3y o T140
1211 1229 h247 1265 1283 1301
65900 -6l04 o S 0900
1212 1230 hzas 1266 1284 1302
0 0 0 [6(2%
1213 1237 249 1267 1285 1303
o
1214 1232 250 1268 1286 1304
QO
1215 1233 TZSI 1269 1287 130"
1216 1235 1252 1270 1288 1306
1217 1235 753 1271 1289 1307
11218 1236 rzi& 1272 1290 1308
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LATERAL-DIRECTIONAL CASE 20

TABLE 21

T35t 1219 1237 1255 TZ73 T291
15 950 o o 9605
1202 1220 238 1256 1274 1292
92985 ~7024 7¢ 66 loo
1203 1221 739 257 1275 1293
= © Q 303000
1204 1222 240 1258 1276 1294
(o] S21$s (@) -139
1205 1223 h241 1259 1277 1295
4s 4891 -43 254
1206 1224 242 1260 1278 1296
9 e ° ~ 19500 =
1207 1225 ans 1761 1279 1357
o (@] o0 o
1208 1226 244 1262 1280 1298
Q 13y P ”‘ o
1209 1227 245 1263 1281 1299
- 322 o a o
1210 1228 246 1264 1282 1300
oS ~ 13y = Tivo
1211 1229 247 1265 1283 1301
(S 900 - 620y o S0 900
1212 1230 Tz%s 1266 1284 1302
o o o +3 00 000
1713 T23T /%13 1257 1285 1303
1214 1232 11250 1268 1286 1304
1215 1233 251 1269 1287 1305
1216 1234 pzsz 1270 1288 1306
1217 1235 ‘hisa TZ71 1289 1307
1218 1236 risa 1272 1290 1308
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TABLE 22

LATERAL-DIRECTIONAL CASE 21

1201 1219 237 17535 1273 29T
1$980 = o 9605
1202 1220 238 1256 1274 1292
9298 = 7024 7¢ 66100
1203 1221 239 1257 1275 1293
‘ o = o +202 000
1204 1222 k240 1258 1276 1294
o S2iIsy o ~13y
1205 1223 241 1259 1277 1295
hs 4892 -43 2549
1206 1224 242 1260 1278 1296
o o o)
~/3000
1207 1225 243 1261 1279 1297
o o I o000 o
1208 1226 264 1262 1280 1298
o 13§ 1 o
1209 1227 245 1263 1281 1299
~ 321 o o fo)
1210 1228 246 1284 1282 1300
‘Jeoy -3¢ o 7140
1211 1229 247 1265 1283 1301
65900 ~6204 o 50900
1212 1230 248 1266 1284 1302
o o o 200 060
1213 1231 p249 12867 1285 1303
1214 1232 1250 1268 1286 1304
1215 1233 h2s1 1269 1287 1305
1216 1234 252 1270 1288 1306
1217 1235 753 1271 1289 1307
1218 1236 1254 1272 1290 1308
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LATERAL-Di RECTIONAL CASE 22a

TABLE 23

1201 1219 F237 1255 1273 1291
15980 o o qos
1202 1220 238 1256 177% 1292
q2948s - 7oty 7¢ (6loo
1203 1221 739 1257 1275 1293
O o ' o lol 000
1204 1222 240 1258 1276 1294
o SISY o -3y
1205 1223 241 1259 1277 1295
b 489 - 43 259
1206 11224 242 1260 1378 1296
o) o O -6So00
1207 1225 243 1261 1279 1297
o) o {r0oo o
1208 1226 Tzaa 1262 1280 1298
o (3§ 7] o
1209 1227 245 1263 1281 1299
-32:2 o (o) o
1210 1228 1246 1204 1282 1300
9609% -134 o) Ji40
1211 1229 $247 1265 1283 1301
65400 ~ 4204 o Soq00
1212 1230 ﬁzas 1266 1284 1302
0 Q (o) looooco
1213 1231 2%y 1257 1285 1303
1214 1232 1250 1268 1286 1304
1215 1233 251 1269 1287 1305
1216 1234 752 1270 1288 1306
[0
1217 1235 [r253 1271 1289 1307
1218 1236 pzsa 1272 1290 1308 /
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TABLE 24

LATERAL-DIRECTIONAL CASE 25

ITZ01 1219 F237 1255 TZ73 29T
Hdoqe o o (7100
1202 1220 h238' 756 274 1292
1203 1221 739 1257 1275 1293
< © o + 3050 20
1204 1222 240 1258 1276 1294
(®) 4100 o 469
1205 1223 ‘hzal 1259 1277 1295
30§ F7156 -43 -3y
1206 1224 242 1260 1278 {1296
o)
o < ~ 19520
1207 1225 243 1261 1279 1297
o o) l.ooo o
1208 1226 jrze% 1262 1280 1298
o 138 -Xe-d| o
1209 1227 245 1263 1281 "[1299
-32:2, o o o
1210 1228 . VIT 1284 1283 1300
67100 4690 o Soooo
1211 1229 247 1265 1283 1301
65100 - 48Ny o S3u0o
1212 1230 ﬁiﬂﬁ 1266 1284 1302
o o o 43990 30
1213 1231 %13 1767 1285 1303
121% 1232 sto 1268 1286 1304
1215 1233 251 1269 1287 1305
1216 1234 1252 1270 1288 1306
ﬁ717 1235 253 1271 1289 1307
1218 1236 rzsa 1272 1290 1308
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LATERAL-DIRECTIONAL CASE 26

TABLE 25

701 1219 237 1255 1273 1291
t8oq0 o o 67100
1202 1220 1256 1274 1292
94830 - (63350 120. 69uoo
1203 1221 739 257 1275 1293
o o Q +2 22 200
1204 1222 K240 1258 1276 1294
o 194 100 o 4690
1205 1223 k241 1259 1277 1295
30s 8756 -43 -3y
1206 1224 242 1260 1278 1296
= o o ~13000
1207 1225 243 1261 1279 1297
o o 000 o
1208 1226 2644 1262 1280 1298
o (35 ‘0SS g o
1209 1227 245 1263 1281 1299
~-322 o o o
1210 1228 ‘iizas 126% 1282 1300
6700 L4690 o 50000
1211 1229 h247 265 1283 1301
65900 - 49814 o S3420
1212 1230 2438 1266 1284 1302
o o o +200000
1213 1231 %9 1267 1285 1303
1214 1232 250 1268 1286 1304 1
1215 1233 R251 1269 1287 1305 i
1218 1232 252 1270 1288 1306
1217 1233 753 TZ71 1289 1307
o
1218 1236 ]izsa 1272 1290 1308
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TABLE 26

LATERAL-DIRECTIONAL CASE 27

vi)y

TZo1 1219 1237 TZSS
180930 o o 67100
1202 1220 FIF 7%6 7% 1292
94830 -633s0 130'S 69%00
1203 1221 Lrﬂr———nw 775 1753
o o (o] 10¢ ®0e
1204 1222 240 1258 1276 129
o 1y (00 o 4640
1205 1223 241 1259 1277 1293
30$ @756 -u3 -3Iu
1206 1224 242 1260 1278 1296
o o) o -4(So00
[1207 1225 J+zl.3 Tzei 1779 1257
o o l-6c0 o
1208 1226 124 4Ezcsz 1280 1298
o 136 Xy 1 o ,
1209 1227 l}zas szsa 1281 1299
-32.2 = o o)
1210 1228 K246 #1273 1282 T300
6700 460 o Soooo
1211 1229 247 1265 1283 1301
(S qo00 - 481y o S3vwwo ’
1212 1230 Y 1284 1302
o o o + (00,000
1231 57
1213 W 1285 - 1303
§%) ! JEEm— V1] K250 “’1268 1286 130%
[
1215 1233 251 1269 1287 1305
1218 2% | ¥113 %‘ﬁo 1288 1306
o
BLAY AN V12 —fzs3 N 289 1307
o
1218 1236 % —7z 30 1308
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TABLE

27

SUMMARY OF ROOTS OF THE LATERAL-DIRECTIONAL
CHARACTERISTIC EQUATIONS - SHOWING PERIODS

AND TIME TO DOUBLE OR HALF AMP.

I"nOoTS
CASE PEIRIODA
TiME To DOUBLE (+) OR ALV (=) AMP.
- 6IST -o438 e —{1{02.
+ Sl
ra = — 1221 —
113 1582, G2l GO
- %639 {000 28345 =:70l0
4 59844 | £ (RA3L
l —_— —— 10-50 3.3y
/23 693 2 lply *)9)
= 7ay | +.0378 -:009I TAITS
4_ t " So03¢ + |- 8404 ¢
—_— -— 1256 242
96 18:33 76 1S 66
~5243 =10906 -.02.(0 ~24173
18 + 56304 = 4407
— b e 43
‘{32 765 330 32
~ 0770 — G, -02 -2:5u4
20 t 442l g ki + 8-608<
12:98 = - +73
9:00 ‘153 2318 27
. .. . ~2458
t-‘#c}?ésé 46854 02958 o 7 G
2l 12:96 = — 793
812 15 23-26 28
- o687/ -5 2186 -029¢ ~2I84
22 T 4T < T 4#:250¢
12:92 — — [ 47
T 10 13 2349 *32
-73/3 - 0030 +'0333 ";"3:;
2 3882 | + 324834
es — — 1618 1193
‘95 231 20- 8| /93
-.7322 -10030 | *+'0309 | -'¥3J9
26 2 - 3903¢ t2:629¢
= — 1o 239
‘98 23 2243 160
) o +'023 - @258
27 e Lty I".;'-f?}'c' 2 1806¢
— — 15 @1 348
‘Y 231 soqy 130 |
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BASIC HELICOPTER RESPONSE TO
LATERAL STEP INPUT

S
DHEMH '\'x“x.\.f

+1.

" EHEHE]
HHEETE

;P#HH¥WH“
jikﬂyﬁt
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LATERAL-DIRECTIONAL
CASE 12
30 F.P.S.GUST

ol O WS S T e e e  — -

FIGURE 17

125



LATERAL~-DIRECTIONAL

1
30 F.P.S. GUST

CASE

l!/{-t

..I‘III‘I‘I —— —
b e T T
| o s
- -
pY - — ||1|IIII B e i, p— -
I = o
= 2R — | e
_
P e B 1|-|I|.llL|
e ET annl-l-lll.lr 5 N o
N llllll-ll-l.-l-.; .ll-.l-lll-lllllrlll..l |il|-|ll|l.l|-lll

e
e | S
e
S e
TR T e
= o "

FIGURE 18

126






LATERAL-DIRECTIONAL
CASE 18
30 F.P.S. GUST

7
T LL
SESLUS R e
3 , EE AR AR LN EE\.L_‘_Z
-40 = ;.';_ ?i_r{;’ / f/;[f:’___ :Ffiﬂé
+40 ‘ = = 4 }‘_lfifijritﬂ\“‘ _iE

FIGURE 20
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GUST

CASE 22

LATERAL-DIRECTIONAL
30 F.P.S.

& ,rr-ni.ﬁ,l--'_,r: ,F.-.:“!F_ f:- - 2= g

74

't - _]"'_

ass

K

if

f=sr

==

EEL EEFEL b

IEESssseTEEEAes

H

[ESES

5%

=S5

=
=

Jassc=una

FIGURE 23

131




LATERAL-DIREQTIONAL

CASE 25
30 F.P.S. GUST

AL AR A

FIGURE 24
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TABLE

28

TABLE OF MAXIMUM WING DEFLECTIONS

(LATERAL-DIRECTIONAL)

CASE | e irupt bes AmpLiTone nec.

i2 Yo R I—

| 29 (00 plus.
4 ¢ 9 2:9

8 3 20

20 6y i

2.1 I X

22 2.0 75

o5 2 s

206 'S 2:0

N S 4o 4. 60
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LOCI OF THE ROOTS OF THE CHARACTERISTIC
EQUATION

Only critical roots are shown

1

Note

ts are shown

imaginary roo

Only positive

<)

d (sec

perio

U
(0]
0
~ 0
T
o
o B
5 -+
4+~
-
—~
o 3
B o
—
HoQ
- 3
M O
Eoli o}
o 0
P S
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E g
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BPO R 2
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FIGURE 59
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RANGE EXTENSION RECORDING
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RANGE EXTENSION
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SIMULATOR INSTRUMENTS Cont‘'d
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