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FOREWORD
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SUMMARY

This report presents the results of a study to validate Military Specification MIL-F-
8785B{ASG), "Flying Qualities of Piloted Airplanes,” dated 7 August 1969, including
Interim Amendment-1(USAF}, dated 31 March 1971, by performing a detail comparison of
its requirements with the known characteristics of the C-5A and pilot comments,

The comparison was based primarily on Category 1/11 test results supplemented by
analytical data and results obtained during the ALDCS development test program,
Paragraph by paragraph evaluations or discrepancies are noted and, if necessary,
discussions and recommendations given,

Results of the c omparison show that the specifications favorably compare with C-5A
data except in the sections noted below. The requirements for these sections appear to
have been based on an abundance of light and medium weight airplane data with little
conflicting data from Class 11l heavy weight airpione data.

3.2.1.2 Phugoid Stability

3.2.2.1 Short Period Response

3.2.2.2.1 Control Forces in Maneuvering Flight
3.3.1.1 Lateral Directional Oscillations (Dutch Roll)
3.3.1.2 Roil Mode ('\'R)

3.3.2.4 Sideslip Excursions

3.3.4 Roll Control Effectiveness

3.4.2.2.1 Resistance to Loss of Control

From the above list, the most significant difference between the specification and C-5A
data appear in the sections related to lateral control. Based on C-5A data, the require-
ments of Sections 3.3.1.2-Roll Mode, 3.3.2.4-Sideslip Excursions, and 3.3.4-Roll

Control Effectiveness are far too stringent for Class Il airplanes. Section IV of this report
lists additional parographs of the specification where recommendations have been made,
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SECTION |

INTRODUCTION

This report is prepared os part of a continuing effort by Air Force Flight Dynamics
Laboratory, Wright-Patterson Air Force Base, Ohio, to update and improve Military
Specification MIL-F-8785B(ASG), "Flying Qualities of Piloted Airplanes." The require-
ments of the specification were largely prepared on the basis of experimental flying
qualities data, and form the criteria for the aircraft industry in design, development, and
flight test demonstration of new military airplanes. A detailed comparison of the flying
qualities of currently operational airplanes to the specification requirements forms the basis
for evaluation of the requirements.

Evaluation of the specification requirements was performed by a paragraph-by-paragraph
comparison of the specification requirements to available flight test data, supplemented in
certain areos by analytical data. Inevitably, comparison of any airplane with the speci-
fication will be less than complete because of data limitations. Although more thorough
coverage would be needed to show complionce of a new airplane, this depth of presenta-
tion is adequate for an evaluation report.

This report may be considered a critique of MiL-F-8785B{ASG) by one class of
specification user. It is hoped that the recommendations of this study will serve as a baosis
for future specification revision programs, and may also serve as additional guidance for
interprefation and application of the specification,



SECTION I

AIRPLANE DESCRIPTION

1.0 GENERAL PHYSICAL CHARACTERISTICS

Airplane Description

The C-5A is a long-range, all weather, high~altitude, high-subsonic, swept-wing,
T-tailed airplane designed for use as a heavy logistic transport with relatively short field
takeoff and londing capability. The airplane is designed to airlift @ wide variety of com-
bat support equipment and personnel at payloads of up to 265,000 pounds. Aircraft gross
weight ranges from 319,809 pounds empty to 769,000 pounds maximum design weight.
Initial cruise altitude is 30,000 feet with cruise speeds of up to 470 knots true airspeed.
It is powered by four General Electric TF-39 turbofan engines equipped with thrust
reversers. Inflight reverse thrust is applied to the inboard engines for rapid or emergency
descent. A retractable, high-flotation landing gear consisting of four six-wheel, bogie-
type, main landing gears and a four-wheel, steerable nose gear enables the airplone to
operate from paved or unpaved runways. The landing gear can be set at "crabbed" posi-
tions for takeoffs and landings in crosswinds. Some of the other unique design features of
the airplane are a forward and oft cargo door system enabling straight through loading and
unloading and a landing gear kneeling system. The kneeling system permits the cargo
deck to be tilted nose down or tail down or to be lowered in the level position. Aerial
delivery of payloads through the aft carngo door is possible. Up to 200,000 pounds of
payload may be dropped in multiple packages, and a single package of 86,000 pounds has
been dropped in demonstration tests. Two auxiliary power units, one located in each main
landing gear ped, are provided to supply electrical, pneumatic, and hydraulic power
(through use of air turbine motors) for engine starting and for ground operation and
maintenance requirements.

Basic Data

The three-view drawing in Figure 1 (1.0) shows the basic airplane and gives dimension
details. Overall dimensions are as follows:

Overall Wing Span: 222,71 feet
Owverall Length: 247 .86 feet
Overall Height: 65.10 feet

Wing geometry parameters are the following:
Area: 6200 square feet

Span: 219.20 feet



MAC 30.93 feet
Aspect Ratio: 7.75

Taper Ratio (theoretical): 0.371

Dihedral {(0.25¢): -3.50 degrees
Incidence - Root: +3.50 degrees
- Tip: 0.00 degrees

Airplane gross weights are listed below:
Empty Weight: 319,809 pounds
Design Flight Gross Weight (2.5g): 728,000 pounds

Maximum Design Gross Weight: 769,000 pounds

2.0 FLIGHT CONTROLS

Primary flight controls include ailerons, spoilers, rudders, and elevators. All surface
hinge homents are provided by hydraulically powered actuators and pilot "feel" is arti-
ficial {(see Figures 1 through 15(2.0}). Control wheels, columns, and rudder pedals provide
pilot or copilot inputs to the control valves through the mechanical linkage ond cable
systems. Hydraulic power is provided by four independent systems. Secondary flight
controls include ground spoilers, leading edge slats, pitch trim, and trailing edge flaps.

STABILITY AUGMENTATION

Pitch and yaw/lateral SAS (Stability Augmentation Subsystem) are provided. Pitch
SAS provides short period pitch damping. Yaw/lateral SAS provides yaw damping, roll
damping, tumn coordination, and spiral divergence control. The C-5 SAS is triple redun-
dant, fail safe/fail operational. The actuater inputs are added in series with pilot inputs
to control the surface actuators, The aircraft can be flown safely without SAS. Analytical
diagrams are presented in Figures 1(2.0) and 2(2.0).

ROLL CONTROL

The roll control system controls the motion of the aircraft about the longitudinal axis
by the use of ten flight spoilers operated differentially in conjunction with two conven-
tional ailerons. The ten flight spoilers serve a dual purpose in that upon command they
also function as ground spoilers. The interface is shown on Figure 3(2.0),

A mix box in each wing converts an input signal from the aileron cable system to a
proportional output signal to the flight spoilers. This same mix box converts an input
signal from the ground spoiler cable system fo an output signal to the flight spoilers
when they are to function as ground spoilers,
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Each aileron and flight spoiler panel is operated by a dual hydraulic servo control
assembly which responds to manual cable inputs. The aileron control package also
responds to electrical inputs from the automatic flight control computer for lateral
augmentation, and to mechanical inputs from the aileron trim actuator.

System operation incorporates conventional pilot's and copilot's control wheels with
travel from neutral to T60°, Aileron travel as a function of control wheel rotation is 25
up and 15° down from the faired posmon. With fiaps up, flight spoiler travel as o
function of control wheel rotation is 22.5° up from the faired position,

When the trailing edge flaps extend to approximately 32° , an electrical signal |s given
to the ratio shift actuator which, through the mix box, up-rigs the flight spoilers 3° from
the faired position. This is done to minimize the loss of spmler-flap lift wnth roll control.
The maximum spoiler trave! from the 3° up-rigged position is 57° up and 3° down.

Artificial Feel - A combination centering and artificial feel spring is attached to the
pilot's rear quadrant. This spring is preloaded to a force which is adequate to overcome
system friction, thus ensuring positive system centering with no force applied to the con-
trol wheel. Additional artificial feel is obtained from the flight spoiler closing springs
attached to the outboard flight spoiler input quadrant.

Autopilot - The autopilot roll control servo is attached by a pushrod to the copilot's
rear quadrant and, when engaged, provides an automatic parallel input to the cable
system. An emergency disconnect switch on either control wheel allows rapid electrical
disengagement with negligible friction remaining on the system. An intemal slip clutch
gives either pilot an override capability in the event of a runway or jammed roil control
servo.

Pilot Assist Cable Servo (PACS) - The PACS is a small output electromechanical forque
motor, attoched by a pushrod to the pilot's rear quadrant, which assists the pilot in over-
coming control whee! breakout force. Electrical sensors in the control wheel detect an
initial pilot effort of 3 to 4 pounds of force on the wheel and result in the PACS adding an
additional 5 pounds toward overcoming the roll control system breakout force of
approximately 9 pounds.

The PACS is intended for full-time use during manual flight control of the aircraft and
is interfaced to be compatible with the autopilot for aufomatic flight control.

Aileron Trim - An electromechanical trim actuator is located in the input linkage of
each aileron control servo assembly and is in series with the pilot input system. Operation
of the gileron trim knob, which is located on the center console, sends on electrical
signal to each trim actuator. The aileron trim actuator in tum gives a mechanical input to
the aileron control servo assembly, thus providing the desired aileron deflection to main-
tain wings level flight and allow the pilot's and copilot's control wheel to center. Each
aileron trim actuatar may be energized separately by operating a switch located to the
side of the aileron trim knob. This will provide roll trim in the event one trim actuator is
inoperable. The nommal aileron trim range is +10° at o rate of 1/2 degree per second per
actuator or a total effective roll trim rate of 1 degree per second. A trim actuator with



dual pointers, located in the flight station area, indicates the pasition of each aileron
panel relative to the faired position,

ELEVATOR CONTROL SYSTEM

The elevator control system controls the attitude of the aircraft about the pitch axis by
means of four separate elevator surfaces hinged at the rear of the horizontal stabilizer.
Pilot control column travel of five inches forward and nine inches aft provides surface
deflections of 15 degrees down and 25 degrees up, respectively. Control column motion is
transmitted through a cable system to the full power, irreversible-type hydraulic servos
which power each surface. The inboard surfaces, which are structurally interconnected by
a mechanical linkage, are each powered by a dual actuator servo package, while each
outboard surface is powered by both dual and single actuator servo packages. For normal
operation, the L, H. inboard elevator is powered by Sys. No. 2 and the R.H. inboard
elevator is powered by Sys. No. 3. The pilot can switch on the inactive system after a
hydraulic system fagilure. The elevator control system is shown schematically in
Figure 42.0).

Pilot Assist Cable Servo - As an aid to the pilots in overcoming input system friction, a
pilot assist cable servo (PACS) is incorporated in the cable system. The servo, which is an
electromechanical terque motor with o small, variable torque output, is attached to the
pilot's oft cable quadrant. The signel for actuation of the PACS is generated by force
transducers mounted in each control wheel. This signal is then amplified and transmitted
to the PACS for actuation of the cable system.

Elevator Artificial Feel Subsystem = Since a fuli-power control system provides no
feedback of aerodynamic loads, an elevator artificial feel subsystem is required to provide
the pilots and autopilot with appropriate "feel" forces to permit safe maneuvering of the
aircraft throughout its operational flight envelope., The feel subsystem consists of three
force-producing components;

o The system centering spring plus four servo centering springs.
o The bobweight effects of the control columns and the stick shaker mounted on each.
o The system variable feel unit.

The arrangement of these components within the elevator control system is shown in
Figures 4(2.0) and 5(2.0).

Centering Springs - Artificial feel proportional to elevator surface position is provided
by the system centering spring attached to the pilot’s aft quadrant and by the centering
springs incorporated in the servo packages. These springs together are preloaded to pro-
vide a system force of approximately 7.5 pounds at the column, i.e., 3.5 pounds from the
system centering spring, and 1 pound from each of the four servo package centering springs.
The centering springs on the servos are to provide a centering force to each servo in the
event of o failure anywhere in the servo input system. The pilots' feel force as a function
of the centering springs only (beyond breakout) is shown in Figure &2.0).




CENTERING
SPRING

STICK SHAKER- () 5
BOB WI. &
BALANCE SPRING /-

COPILOT

ARTTFICTIAL
Q FEEL

F:% , GSHEAR PIN-~ 1807
(o AUTOPILOT

p
Figure 4(2.0. Elevator Control System

10

"SERYO VALVE

INPUT CENTERING
SPRING

PILOT ASSIST
CABLE SZRVO



115 VAG, 400 CPS
115 VAC, 400 CPS PITOT HEADS
PITEH_AXES_': g %
} AUTOPILOT ! proO? HSTATIC
' |
I i
) AR
| R WA A \
\

CABIN \
DITFFERENTIAL CABIN
PRESSURE GAGE FRLSSURE

, CONTROL \ ,
1 BOX A !
| ]
VARTABLE T }_-____j‘ﬁ
FEBEL UNIT J»!______;.-,_,\ \
- I I vy \
0 .: | by
Tt , IAs I I
| INDICATOR : / \
| MaDAR I
| TRANSDUCER :
: VGH
ALTIMETER FLIGHT /

RECORDER ;

o

UYDRAULIC —

-
‘5
S——
——
: IE-—.— — — __[____..-

SYSTEM No. 1 ° |
PITOT HEADS
HYDRAULIG = f——mmt \\ COPILOT
SYSTEM NO. 4 \
STICK SHAKER (BOB WT.)
I cac

SNTERING SPRING
70 PILOT CENTHRIN

Figure 5(2.0). Elevator Artificial Feel System

11



Bobweight - The bobweight effects of the elevator manual control subsystem and the
stick shaker assembly mounted at the base of each column provide the pilot with feel
forces as a function of nomal acceleration {load factor). The stick shaker bobweight
effect is transmitted to the system via a pushrod connecting each shaker to its respective
forward cable quadrant. A flat coiled spring is incorporated in the attachment of each

n_n

stick shaker to balance the total bobweight effect for one "g" condition. The pilots'
feel force as a function of the total bobweight effect only is shown in Figure 7(2.0).

Variable Feel Unit - The variable feel unit (VFU) provides the pilots with feel forces
as a function of the impact pressure (q_) from the Central Air Data Computer. The unit,
which is installed below the flight deck floor to the right of the copilot's feet, is con-
nected to the elevator control system by means of a pushrod connected to the VFU output
lever and the copilot's forward cable quadrent. Figures 8(2.0) and 9(2.0) show pilot
forces,

Stallimiter System - The pitch axis control system incorporates o stall warning sub-
system consisting of a stick shaker mounted ot the base of each control solumn and an
audible signal fed into the cockpit overhead interphone speakers and into the pilot,
copilot, and observer headsets. The shaker is an electromechanical device which is
actuated by the stallimiter computer. The shakers induce control system vibrations to
wam the pilots of an impending stall condition. If the pilots fail to take appropriate
action after receiving the stall warning through the stick shaker and a stall is actually
entered, the audible warning signal is initiated by the stallimiter computer.

RUDDER CONTROL SYSTEM

Directional control of the air vehicle is accomplished by the rudder contro! subsystem,
including rudder trim. The rudder control consists of an upper and lower rudder surface,
each deflected by a dual irreversible hydraulic servo assembly. Normal maneuvering of
the aircraft in the yaw axis is accomplished by displacement of the conventional rudder
pedals. Movement of the rudder pedals 3.00 inches forward or aft from neutral will
produce +35 degrees of surface travel through a single closed-loop cable system originating
from a tension regulator instatled on the pilot's side, Superimposed upon the manual input
system is the stability augmentation system (SAS), which has the capability of producing
20.5+1.0 degrees of surface travel. Rudder trim, pedal feel force gradient, and
pedal /surface centering is provided by a trim and feel system which provides parallel
inputs to the rudder system. The rudder control system is shown schematically in Figure

10(2.0).

Rudder pedal nose wheel steering allows either pilot to command +7 degrees of nose
whee| deflection with £3.00 inches of pedal travel. This limited control provides some
assistance to the rudder in yaw axis control of the aircraft during landing and takeoff.

The steering wheel mounted on the pilot's side panel provides manual control of the full
+80 degrees of nose wheel deflection. A lever forming part of the pilot's tension regulator
assembly is attached to a pushrod which connects to the nose wheel steering mechanism.

A linear octuator is used to automatically disengage the rudder pedal steering input when
the nose gear is retracted.
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NOTES:
1. NORMAL AERODYNAMIC SIGN CONVENTION SHOULD BE USED.

2, THE STICK FORCE (AF,) IS REPRESENTED AS THE PILOT EFFORT
REQUIRED TO DISPLACE THE STICK AT ZERO EXCESS g's., THE FORCE
INCLUDES THE ELEVATOR CONTROL SYSTEM CENTERING SPRING (Fk)
AND Fq FORCE FROM THE VARIABLE FEEL UNIT, 4Y1043.

3. F5 IS THE PILOT EFFORT FOR EXCESS g LOADINGS

4. THIS PLOT DOES NOT INCLUDE THE EFFECT OF BREAKOUT, FRICTION,
AND HINGE MOMENT LIMITING .
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B0}
&0k
100 9

401

49 TO 0 q
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20  +2° o ©
+1 T0° 1120 #1216 1/3
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STICK FORCE - AFS - POUNDS AT COLUMN

Figure 9(2.0). Elevetor Artificial Feel Subsystems
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Figure 10(2.0). Rudder System
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Feel, Trim, and Autopilot System - Rudder trim, pedal feel force gradient, and pedal/
surface centering are provided by a combination feel and centering spring installed in
series with an electromechanical trim actuator and attached to the lower rudder input
quadrant. The spring is preloaded to a pedal force of approximately 8 pounds, which is
adequate to overcome system friction. The preload force also ensures positive system
centering with no force applied to the rudder pedals. The pedal feel force gradient is 4.3
pounds per degree for the first 10 degrees and changes te 2.6 pounds per degree from 10
degrees to 35 degrees. The maximum pedal feel force under normal operation is 120

pounds.

The trim actuator for normal operation provides a parallel input to the rudder system.
The actuator repositions the neutral point of the preloaded centering spring after the
rudder pedals have been displaced to a desired trim position. Trim actuator operation is
controiled by two rudder trim control switches located on the copilot's side of the center
console. The switches are three position (nose left, off, nose right) toggle switches and
are spring loaded to the OFF position. Simultaneous operation of the switches is required
to provide power and ground signals to the trim actuator. The upper and lower rudder
surfaces are trimmed simultaneously as if the input were due to pedal deflection. The trim
actuator provides £11 degrees trim authority at a rafe of one degree per second and trim
position is displayed on an indicator located on the center instrument panel.

Emergency Rudder Control - Emergency rudder control provides the pilot with + 20
degrees of upper and lower rudder authority, A YAW AUG MAN TRIM control knob is
provided on the flight augmentation panel to permit control of the rudders through the
Yaw Augmentation (Y /A} subsystem in the event of a jam in the single rudder cable
system. A guarded switch to the right of the control knob must be moved from the OFF
position to the ON position before the emergency mode becomes operational. Signals are
not applied to the Y /A subsystem if the control knob is offset from its neutral position
when the guarded switch is thrown to ON. Electrical interlocs are provided which require
that the control knob must be returned to neutral position before the signals are switched in,
In addition, this control may be used to obtain rudder trim in the event of a failure in the
rudder trim system.

Rudder Position Limiting = The rudder position and travel are pedal limited by
mechanical stops positioned by an electromechanical linear actuator, as shown on Figure
10(2.0. The rudder position |imiter assembly is installed at the lower rudder input quad-
rant. The input-actuator responds to step input signals from the Air Data Subsystem
(CADC's numbers 1 & 2) which are o function of dynamic pressure and Mach number.
Position feedback is provided by limit switches mounted on a cam profile forming part of
the mechanical stops. At "Q's" greater than 200 PSF, or Mach numbers in excess of 0.77,
whichever occurs first, the stops are positioned to allow @ maximum of +4 degrees of
rudder. At intermediate "Q's" between 80 and 200 PSF, the stops are positioned to allow
a maximum of +12 degrees of rudder. When dynamic pressure is below 80 PSF, the stops
are completely retracted to allow full rudder travel.
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SECONDARY FLIGHT CONTROL SUBSYSTEM DESCRIPTION

Trailing Edge Flaps and Leading Edge Slats - The C-5A employs leading edge slats and
trailing edge flaps to change the relatively low-lift wing required for high speed flight to
a high=lift wing necessary for short landings and takeoffs. The slots and flaps accomplish
this by changing the camber and area of the wing. Actuation of the entire system is
accomplished by displacement of a single flap control handle located on the center con-
sole. Asymmetry detection with test circuitry is provided for each system. Position indi-
cators for each system are also provided. Major elements of the flap system are shown in
Figure 11(2.0),

Trailing edge flaps are slotted Fowler type with six panels on each wing semi-span.
The panels are positioned by ball screw actuators which drive the carriage in each straight
track. The actuators are driven through o torque tube system by a power package mounted
on the aoft side of the center wing beam in the mid-fuselage. The power package receives
inputs from the flap handle.

There are seven leading edge slat panels, three slotted and four sealed, on each wing
semi-span. The actuators are driven through a torgue tube system by the trailing edge
flaps power package, utilizing a decoupler and clutch/brake assembly. The clutch/brake
assembly , mounted on the forward side of the center wing front beam, engages to extend
or retract the slat system depending on the direction of flap motion,

Slat and flap motion is initiated simultaneously from the retracted position, and the
slats are fully extended when the flop reaches approximotely the 15 degree position. At
the slats extended position the clutch is disengaged and the brake engaged by means of an
electrical signal from proximity switches located at each inboard moving island in each
wing semi-span. When the clutch is disengaged at the slats extended position, the T.E.
flaps are free to continue to any selected position. At the slats retracted position the
c lutch is disengaged and the brake engaged by means of an electrical signal from proximity
switches on the No. 1A slat track in each wing semi-span.

HORIZOMNTAL STABILI ZER TRIM CONTROL SYSTEM

The pitch trim system includes the horizontal stabilizer actuator and an actuator input
system. A high degree of safety and reliability is provided since two signals are required
from the input system before the actuator can operate.

Trim about the pitch axis is accomplished by movement of the horizontal stobilizer and
is independent of the primary pitch control system {elevators). The pitch trim actuating
system, shown in Figure 12(2.0), consists of the following:

1. One pitch trim actuator, irreversible linear screwjack.

2. Two pilot or copilot operated electrical command systems.

3. One pilot or copilet operated manual command system.

19



waysAg doj4 *(p°z)11 s1nbiy

IMvyg 3gni IN0UOL

ASSY 39VXOvd .
YIMOd dvd ‘T'L Sdvd ‘3L
XOBHVIO TNV e ——
HOLVNLOV 8 HOLVNLOV
L ANVISI NOTAd

ONVSI
INIAOW
MS h_.Z_n_ MS LIWNM
S1vi1s ‘3 ‘ ,_ S1vis "3
&) H3LIWIN 3NDH0L
MYL3a OY 4 mmJ& DOUNQ ¥ ﬂ\m G
Q310vH1M v i
H1WX
Frrrrs,
TION31X3 NOILISOd ONIANY
. HOVYOXNddV ATIONYH
LA/ /330 vl 108LNOD
TV dvd

ASSV 3nvya /HOLMD 1vs "3 dn

20



C-5A PITCH TRIM SYSTEM

PITCH TRIM TRIM PITCH TRIM
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o p
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MANUAL — 8 ote
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NOSE UP \ 'E-— PITCH TRM RATES
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NORMAL 10 LBS SCREW DRIVE
RESET @) j
ALTERNATE orl4—  .3°/SEC FLAPS UP
HYD PWR | Y] .5°SEC FLAPS NOT UP
SW NUT_DRIVE

CABLES

Figure 12(2.0). Pitch Trim Controls
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4. One autopilot command system, signal to screw drive.
5. Four horizontal stabilizer position limit switches,
6. Two separate hydraulic system inputs.

7. One horizontal stabilizer position indicator system.

GROUND SPOILER SYSTEM

The ground spoiler system is provided to reduce the aircraft's stopping distance during
landing roll-out or o rejected takeoff by destroying wing lift and increasing wing drag .
Destroying the wing lift deposits the aircraft weight onto the landing gear more rapidly
after touchdown thereby increasing the efficiency of the wheel brakes.

The ground spoilers consist of four inboard panels, which are used as ground spoilers
only, and five outboard panels which are used as ground spoilers during landing roll-out
and as flight spoilers while airbome to aid in roll control of the aircraft. Figure 13(2.0)
presents a schematic of the ground spoiler system,

The ground spoiler system is controlled by either the pilot or copilot. There are dual
control handles provided, one on each side of the center console. The two handles are
interconnected through a torque tube and have two positions, The most forward position
corresponds to spoilers closed and the most aft position corresponds to spoilers fully
extended. There are no intermediate positions provided., Spoiler handle travel is 60
degrees. The ground spoiler control input system is presented in Figure 14(2.0).

Four closing springs are used in the spoiler input system -~ one at each No. 4 spoiler
quadrant ond one at each No, ¢ spoiler quadrant, shown in Figure 13(2.0). These springs
bias the input system in a closing direction and, therefore, oppose the pilot in deploying
the spoilers and aid in closing the spoilers.

The spoilers are deployed by hydraulic actuators. Each spoiler panel is provided with
an actuator, Spoiler panels No. 1 through No. 4 have two-position actuators which are
either fully retracted or fully extended with no position feedback to provide intermediate
positions. The speiler quadrant pushrod operates a valves which ports hydraulic fluid from
two individual systems to a dual tandem piston through a bypass and shuteff valve and a
pressure switch. A locking device is provided to lock the piston in the retracted {spoilers
closed) position. This lock is released when pressure is ported to the opening side of the
piston,

Spoiler panels No. 5 through No. 2 have servoactuators. This is necessary since these
panels are used during flight and have a feedback mechanism which allows the actuators to
stop at intermediate positions. When the console handles are moved to the ground position,
however, the actuators are commanded to the fulfl extend position. The spoiler quadrant
pushrod operates a control valve which ports fluid from two separate systems to a dual
tandem piston through shutoff and bypass valves and pressure switches, No locking device
is provided on these actuators since they are used during flight,
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Figure 13(2.0). Ground Spoiler System
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Figure 14(2.0). Ground Spoiler Control System
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Located in the center console is a locking mechanism which locks the spoiler control
handles while in flight. An electromechanical actuator is energized to the retracted
position upon the loss of the whee! spin-up and the touchdown signal. This in tum pulls a
stop into the path of an adjustable locking cam which is attached to the spoiler handle
torque fube, Upon landing with either the spin-up or the touchdown signal present, the
actuator will be given an extend signal which will push the stop out of the path of the
locking cam and allow spoiler deployment,

Located on the center instrument panel is a position indicator which will indicate the
position status of the spoilers. This indicator is operated by position switches located ot
the No. 4 spoiler quadrant of each wing. If the closed switch on each wing is contacted
the indicator will show "RETRACT." If neither the closed or open switch is contacted, the
indicator will show "ENROUTE." If both open switches are contacted, the indicator will
show "EXTEND." If one wing open switch is contacted and other wing cam remains on the
closed switch, or at some point between the open and closed switch, the indicator will
show "ENROUTE." This will indicate to the pilot that one wing's spoilers are open and the
other wing's spoilers are at some position other than full open which could result in a
dangerous asymmetric condition. The pilot could then close all spoilers.

PASSIVE LDCS (LIFT DISTRIBUTION CONTROL SUBSYSTEM)

The passive LDCS system reduces the wing bending moment by uprigging both ailerson,
An LDCS control panel on the center conscle incorporates an "ARM" switch and a three
position "rig" switch. The "RIG" switch is wired through the trim actuator so that opera-
tion of the switch to the "UPRIG" or "DN RIG" position will move the left hand aileron
and the right hand aileron symmetrically up or down simulfaneously.

The surface position relationships and capabilities that result from the incorporation of

the Passive LDCS System are shown in Figure 15a(2.0). The Pilot Control Wheel position
plotted against aileron surface position is shown in Figure 15b(2.0).
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Figure 15a(2.). Passive LDCS Aileron Trim and Deflection

Figure 15b(2.0).
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SECTION il

EVALUATION OF REQUIREMENTS

INTRODUCTION

_ This section presents the comparison of the flying qualities of the C-5A airplane to the
requirements of the current specification, MIL-F-8785B(ASG), including Interim Amend-
ment-1 (USAF), 31 March 1971. Each specification paragraph of Section 3, Requirements,
is presented in sequence, either singly or in logical groups, and compared to the charac-
teristics of the airplane. For ease of reference the paragraph numbers of the specification

are used here.

EVALUATION FORMAT

The evaluation format will comprise four specific parts. The listing and description of
possibie contents of the parts are as follows:

i.

Requirement:

In this part, the requirement paragraph is written exactly as it appears in the
specification.

Comparison:

In this part, the data, flight test and/or analytical, are presented to compare the
characteristics of the C-5A with the requirements of the specification. The com-
parison is analyzed and a discussion presented to exhibit: {a) compliance with the
specification, (b) non~compliance, or (c) disagreements (i.e., partial compliance
or non-compliance may exist, or quantitatively non-compliance was exhibited but
pilot qualitative comments indicate occeptable flying qualities). These conditions,
if exhibited, define disagreements which need to be resolved. Other disagree-
ments may be the result of engineering judgment regarding the feasibility, werding,
or purpose of the requirements. Resclution of these disagreements is covered in the
third part. '

Discussion:
In this part, the disagreements presented in the comparison part are resofved.
Data, background information, substantiating arguments, and discussion are used

in the resolution of the disagreements. The basis for the recommendation is
presented in this part.
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4, Recommendation:

The recommendations, if any, are given in this part. These recommendations are a
result of Parts 2 and 3. If a complete rewrite of the specification paragraph is
suggested, it is written in this part. 1f only a partial rewrite is recommended,
either the specification paragraph is rewritten with the partial changes or the
changes are just indicated. |f the recommendeations consist of other relevances
such as additional work necessary to obtain resolution, then this work is defined.

28



ReSuirement
1. SCOPE AND CLASSIFICATION

1.1 Scope. This specification contains the requirements for the flying qualities of U.S.
military-piloted airplanes.

Comparison
The C-5A was designed to meet MIL-F-8785(ASG), Amendment-4, 17 April 1959,

FAR 25 and some special requirements added by the procuring activity. Therefore, compliete
compliance with MIL-F-8785B (ASG} is not possible.
Discussion

None

Recommendation

None
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Requirement

1.2 Application. The requirements of this specification-shall be applied to assure that
no limitations on flight safety or on the capability to perform intended missions will result
from deficiencies in flying qualities. The flying qualities for all airplanes proposed or
contracted for shall be in accordance with the provisions of this specification unless
specific deviations are authorized by the procuring activity. Additional or altemate
special requirements may be specified by the procuring activity.

Comparison

As stated in Section 1.1, the C-5A was not designed to comply with MIL-F-8785B(ASG)
requirements. Had MIL-F-B785B(ASG} been applicable at the time the C-5A contract was
initiated it is felt that some deviations would have been necessary.

Discussion

[t has been amply demonstrated through flight test and operational use that the C-5A
performs its intended mission with no limitations on flight safety resulting from deficiencies
in flying qualities. Although, as pointed out in the report, there are quite a few areas
where compliance with MIL-F-8785B(ASG) cannot be shown. Consequently, some means
of deviating from these requirements would be necessary to keep contract cost within a
reasonable range. Paragraph 1.2 provides this provision in the second sentence by
allowing deviations to be authorized by the procuring activity. The C-5A program,
therefore, supports the requirements and wording of this paragraph.

Recommendation

None
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Reﬂuirem ent

1.3 Classification of airplanes. For the purpose of this specification, an airplane shall
be placed in one of the tellowing Classes:

Class | Small, light airplanes such as
Light utility
Primary trainer
Light observation

Class I Medium weight, low-to-medium maneuverability airplanes such as
Heavy utility/search and rescue
Light or medium transport/cargo/tanker
Early waming/electronic countermeasures/airbome command, control, or
communications relay
Antisubmarine
Assault transport
Reconngissance
Tactical bomber
Heavy attack
Trainer for Class 11

Class Il Large, heavy, low-to-medium maneuverability airplanes such as
Heavy transport/cargo/tanker
Heavy bomber
Patrol /early waming/electronic countermeasures/airborne command,
control, or communications relay
Trainer for Class Il

Class IV High-maneuverability airplanes such as
Fighter/interceptor
Attack
Toctical reconnaissance
Observation
Trainer for Class IV

The procuring activity will assign an airplane to one of these Classes, and the require-
ments for that Class shall apply. When no Class is specified in a requirement, the
requirement shall apply to all Classes. When operational missions so dictate, an airplane
of one Class may be required by the procuring activity to meet selected requirements
ordinarily specified for airplanes of another Class.

1.3.1 Land- or carrier-based designation. The letter -L following a Class designation
identifies an airplane as land-based; carrier~based airplanes are similarly identified by ~C.
When no such differentiation is made in a requirement, the requirement shall apply to

both land-based and carrier-based airplanes.
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Comparison

The Lockheed C-5A is Class |1l Heavy Transport Airplane with no operational mission
requirements which would require complying with any other Class requirements,

Discussion

None

Recommendations

None
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Requirement

1.4 Flight Phase Categories. The Flight Phases have been combined into three Categories
which are reterred to in the requirement statements. These Flight Phases shall be con-
sidered in the context of total missions so that there will be no gap between successive
Phases of any flight and so that transition will be smooth. When no Flight Phase or
Category is stated in a requirement, that requirement shall apply to all three Categories.
In certain cases, requirements are directed at specific Flight Phases identified in the
requirement. Flight Phases descriptive of most military airplane missions are:

Nonterminal Flight Phases:

Category A - Those nonterminal Flight Phases that require rapid maneuvering, pre-~
cision tracking, or precise flight-path control. Included in this

Category are:
a. Air-to-air combat (CO) e. Reconnaissance (RC)
b. Ground attack (GA) f. In-fliéht refueling (receiver)
c. Weapon delivery/launch ®®
(WD) g. Terrain following (TF)
d. Aerial recovery (AR) h. Antisubmarine search (AS)

i. Close formation flying (FF)

Category B - Those nonterminal Flight Phases that are normally accomplished using
gradual maneuvers and without precision tracking, although accurate
flight-path control may be required. Included in this Category are:

a. Climb (CL) e. Descent (D)

b. Cruise (CR) f. Emergency descent (ED)

¢. Loiter (LO) g. Emergency deceleration (DE)
d. In-flight refueling h. Aerial delivery (AD)

(tanker) (RT)

Terminal Flight Phases:

Category C - Terminal Flight Phases are normally accomplished using gradual
maneuvers and usually require accurate flight=path control. Included
in this Category are:
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a. Takeoff (TO)

b. Catapult takeoff (CT)

c. Approach (PA)

d. Wave-off/go=around (WO)

c. Londing (L)
When necessary, recategorization or addition of Flight Phases or delineation of require-
ments for special situations, e.g., zoom climbs, will be accomplished by the procuring
activity.
Comparison

The C-5A total mission requirements correspond primarily with Flight Phose Categories

B and C, although in-flight refueling and terrain following missions correspond to

Category A Flight Phase.

Comparison of the C-5A cirplane flying qualities with the requirements of this Speci-
fication will invelve the foltowing Flight Phases:

Category A -~ In-flight refueling (receiver) (RR)

Category B - Climb (CL)
Cruise (CR)
Descent (D)
Aerial delivery (AD)

Category C - Takeoff (TO)
Approach {PA)
Wave-off /go-around {WO)
Landing (L)

Discussion

As noted in the preceding paragraph, flying qualities data are not included in this
report for the terrain following (TF) mission. The reasons are as follows:

1. Flying qualities data were not recorded during the flight test development of the
Terrain Following/Terrain Avoidance {TF/TA) missions since at that time there

were no requirements.

2. f suitable instrumentation had been included on the TF/TA development test
vehicle for recording flying qualities type data, the results for either the fully
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automatic mode or the manual mode would be more applicable for comparison with
MIL<F-9490 and MIL-F-18372 requirements instead of MIL-F-8785B{ASG)
requirements. In addition, in order to acquire the necessary data to detemine
compliance with applicable MIL-F-8785B(ASG) requirements, test maneuvers
would have to be performed which are not consistent with normal TF/TA
maneuvers.

A change in the requirements is not recommended to cover the C-5A TF/TA
mission, since it is felt that a deviation to the specification could be included in
the initial contractual requirements for cases similar to the one discussed here,

Recommendation

None
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Requirement

1.5 Levels of flying qualities. Where possible, the requirements of section 3 have been
stated in terms of three values of the stability or control parameter being specified.

Each value is a minimum condition to meet one of three Levels of acceptability related to
the ability to complete the operational missions for which the airplane is designed. The
Levels are:

Level 1 Flying qualities clearly adequate for the mission Flight Phase

Level 2 Flying qualities adequate to accomplish the mission Flight Phase, but
some increase in pilot workload or degradation in mission effectiveness,
or both, exists

Level 3 Flying qualities such that the airplane can be controlled safely, but pilot
workload is excessive or mission effectiveness is inadequate, or both.
Category A Flight Phases can be terminated safely, and Category B and
C Flight Phases can be completed.

Comparison

None

Discussion

None

Recommendation

None
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Requirement
2. APPLICABLE DOCUMENTS

2.1 The following documents, of the issue in effect on the date of invitation for bids or
request for proposal, form a part of this specification to the extent specified herein:

SPECIFICATIONS

Miliiozz

MIL-D-B708 Demonstration Requirements for Airplanes

MIL-F-2490 Fiight Control Systems - Design, Installation and Test of, Piloted
Aircraft, General Specification for

MIL-C-18244 Control and Stabilizetion Systems, Automatic, Piloted Aircraft, General
Specification for

MIL-F-18372  Flight Control Systems, Design, Installation and Test of, Aircraft
(General Specification for)

MIL-5-25015  Spinning Requirements for Airplanes

MIL-W-25140 Weight and Balance Control Data (for Airplanes and Rotorcraft)

STANDARDS

MIL-STD-756 Reliability Prediction

{Copies of documents required by suppliers in connection with specific procurement
functions should be obtained from the procuring activity or as directed by the contracting
officer.)

Comparison

The C-5A airplane design is defined in Lockheed Specification Number CP40002-1B.

Discussion

None

Recommendation

None
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Requirement
3. REQUIREMENTS

3.1 General requirements

3.1.1 Operational missions. The procuring activity will specify the operational missions
to be considered by the contractor in designing the airplane to meet the flying qualities
requirements of this specification. These missions will include the entire spectrum of
intended operational usage.

Comparison

The Contract End ltem Detail Specification, Reference 1, specifies the following
missions or use allocated to the C-5A:

"1.2 Intended Use - The use allocated to the air vehicle by the 410A Heavy Logistic
Support Specification, 5540001, is as follows:

a. To provide transportation for the required payloads at high subsonic speeds to
objective areas in any region in the world.

b. To provide capability to transport tactical ground vehicles and equipment
(including ballistic missiles) which are outsized for the air transport systems
now in Government inventory.

c. To provide capability of world-wide, all weather operation into all estab-
lished air bases and operations on a limited basis into support area airfields.
The air vehicle will be employed in inter- and intra-theater operations.

d. To provide capability for aerial delivery of cargo and paratroop drop when
fitted with the appropriate special mission kit(s}."

"3.1.1.2.5 In~Flight Refueling = The air vehicle shall have performance characteris-
tics which pemit in-flight refueling from the KC-135 tanker system."

Additional missions are specified in terms of performance parameters (payload-range,
takeoff distance, etc.) which are not directly applicable to flying qualities requirements.

Discussion
The C-5A design specification(s), relating to flying qualities, is not specified in terms
of operational missions or intended usage as defined by this requirement. The specifications

dealing with flying qualities were generally extracted from MIL-F-8785(ASG) and FAR
Part 25 with o few special requirements added by the procuring activity. These requirements
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are, in general, directed to airplane configuration, which probably implies operational
mission rather than specifying missions for design purposes.

The following basic airplane configurations were investigated for handling qualities
design of the C-5A:

Configuration Power, gear, flaps

CRUISE (CR) Power for level flight at trim speed, flaps
and gear up.

DIVE (D) 25% normal power, flaps and gear up.

GLIDE (G) idle power, gear and flaps up.

POWER (P} Normal power, gear and flap-up.

POWER APPROACH (PA) Power for level flight ot 1.3Vs, gear

down, flaps 25°, slats 22°.

LANDING (L) Idie power, gear down, flaps 40°, slats
22°, spoilers 3°

WAVE-OFF (WOQ) Takeoff power, gear down, flaps 40°,
* slats 229, spoilers 3°.

TAKEOFF (TO) - 25° Power for [evel flight at 1.3Vs, gear
: down, flaps 25°, slats 22°.

AERIAL DELIVERY (AD) Power for level flight at 3° deck angle,
gear up, flaps as necessary.

Recommendation

Flying qualities analysis experience on the C-5A, as well as other previous Class |1}
airplanes (C-141 and C-130), supports this requirement. It is considered that good mission
definition will be extremely useful to the flying qualities engineer.
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Requirement

3.1.2 Loading. The contractor shall define the envelopes of center of gravity and
corresponding weights that will exist for each Flight Phase. These envelopes shall include
the most forward and aft center-of-gravity positions as defined in MiL-W-25140. In addi-
tion, the contractor shall determine the maximum center~of-gravity excursions attainable
through failures in systems or components, such as fuel sequencing, hung stores, etc., for
each Flight Phase to be considered in the Failure States of 3.1.6.2. Within these
envelopes, plus a growth margin to be specified by the procuring activity, and for the
excursions cited above, this specification shall apply.

3.1.3 Moments of inertia. The contractor shall define the moments of inertia associated
with all Toadings of 3.1.2. The requirements of this specification shall apply for all
moments of inertia so defined.

Comparison

The design center of gravity limits are presented in Fig. 1(3.1.2) and the associated
moments of inertia ore presented in Figures 1 (3.1.3) through &(3.1.3). These data are
generally applicable to all flight phases since the cargo loading or placement is adjusted
to provide a center of gravity within these limits, for any gross weight, and the inertia
data have been defined as boundaries of fuel and cargo combination. It is not clearly
indicated that a growth margin was considered when these envelopes were established.

Discussion

These requirements seem fo imply that unique and different envelopes always exist for
each Flight Phase. When this'is the case, it is reasonable to require the definition of
representative envelopes, which span the conditions encountered.

The inherent cargo loading capability of large Class |1, cargo type airplanes permits
the definition of envelopes for design which con be applied to each Flight Phase. From a
flying qualities analysis viewpoint, the specified growth margin, as such, would be of
little practical interest since the total envelope must be considered for specification
compliance,

Recommendgation

None (for Class 11l, cargo-type airplanes)
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C-SA DATA
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Requirement

3.1.4 Externdl stores. The requirements of this specification shall apply for all combina-
tions of extemal stores required by the operational missions. The effects of extemal stores
on the weight, moments of inertia, center-of-gravity position, and aerodynamic charoc-
teristics of the airplane shall be considered for each mission Flight Phase. When the stores
contain expendable loads, the requirements of this specification apply throughout the range
of store loadings, The extemal stores and store combinations to be considered for flying
qualities design will be specified by the procuring activity. In establishing extemal

store combinations to be investigated, consideration shall be given to asymmetric as well
as to symmetric combinations.

Comparison

The C-5A is not equipped to carry extemnal stores.

Discussion

None

Recommendation

None
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Requirement

3.1.5 Configurations. The requirements of this specification shall apply for all con-
figurations required or encountered in the applicable Flight Phases of 1.4, A (crew-)
selected configuration is defined by the positions and adjustments of the various selectors
and controls available to the crew except for rudder, aileron, elevator, throttle, and
trim controls. Examples are: the flap control setting and the yaw damper ON or OFF,
The selected configurations to be examined must consist of those required for performance
and mission accomplishment. Additional configurations to be investigated may be defined
by the procuring activity.

Comparison

None

Discussion

None

Recommendation

Neone
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Requirement

3.1.6 State of the Airplane. The state of the airplane is defined by the selected
configuration fogether with the functional status of each of the airplane components or
systems, throttle setting, weight, moments of inertia, center~of-gravity position, and
external store complement. The trim setting and the positions of the rudder, aileron, and
elevator controls are not included in the definition of Airplane State since they are often
specified in the requirements.

Certain items, such as weight, moments of inertia, center-of-gravity position, wing sweep,
or thrust setting may vary continuously over a range of values during a Flight Phase. The
contractor shall replace this continuous variation by a limited number of values of the
parameter in question which will be treated as specific states, and which include the most
critical velues ond the extremes encountered during the Flight Phase in question.

3.1.6.1 Airplane Normal States. The contractor shall define and tabulate all pertinent
items fo describe the Airplane Normal (no component or system failure) State(s) associated
with each of the applicable Flight Phases. This tabulation shall be in the format and shall
use the nomenclature shown in 6.2,

Comparison

Table 1 lists the airplane normal states.

Biscussion

None

Recommendation

None
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Requirement

3.1.6.2 Airplane Failure States. The contractor shall define and tabulate all Airplane
Failure States, which consist of Airplane Normal States modified by one or more malfunc-
tions in airplane components or systems; for example, a discrepancy between a selected
configuration and an actual configuration. These malfunctions that result in center-of-
gravity positions outside the center-of-gravity envelope defined in 3.1.2 shall be
included. Each mode of failure shall be considered. Failures occurring in any Flight
Phase shall be considered in all subsequent Flight Phases.

Comparison

A complete list of the Airplane Failure States for an airplane as complex as the C-5A
is not considered within the scope of this study. However, the following summary is
provided which list the Failure States that were evaluated as a part of the Category 11
test program. Results from a majority of these tests are presented in Reference 2,

SUMMARY OF FAILURE STATES

1. Flops Up Landing: Simulated failure in flap system that
prevented flap movement from full up position

2. Slat Retracted Operation: Failure of slats to fully extend when flaps
moved from retracted fo approach position.
Evaluated throughout envelope from stall to
landing .

3. Failed Stabilizer: Stabilizer failed in most adverse position.
Remaining flight phase missions accomplished
including landing.

4. Outboard Engine Inoperative: Entire mission from ground handling, takeoff,
climb, cruise, and landing with engine out.

5. Two Engines Inoperative on Same Side: Controllability evaluated in flight.

6. One Hydraulic System (*2) Inoperative: Failure in #2 hydraulic system. Remaining
mission and landing accomplished.

7. Two hydraulic systems (¥2 & #3) Failures in two hydraulic systems with resulting
Inoperative: floating control surfaces {inboard elevator,
lower rudder and spoiler panels). Reduced
flight envelope. Landing accomplished.

8. Runaway Stabilizer Trim: Failure within system that resulted in stabi-
lizer movement fo nose up and to nose down
[imits in cruise configuration. Sufficient
elevator to counteract runaway .
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9. Failed Inboard Thrust Reverser:

10. SAS Inoperative:

11. Failed Spoiler Panel Connecting Rod:

12, Autopilot Hardovers:

Discussion

Failure of inboard thrust reverser to retract to
stowed position in flight. Limited flight
envelope. Lending accomplished. Failure
also evaluated during takeoff abort.

Complete SAS failure. No affect upon
operational limitations.

Failure in connecting rod that resulted in
floating panel. No resulting limitations.

Simulated failure in AFCS that resulted in
control surface hardover in pitch, yaw, and
roll axes. Operation restricted in that AFCS
must be disengaged.

Insufficient comparison data for complete specification validation.

Recommendation

None
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Requirement

3.1.6.2.1 Airplane Special Failure States - Certain components, systems, or combina-
tions thereof may have extremely remote probability of failure during a given flight.
These failure probabilities may, in turn, be very difficult to predict with any degree of
accuracy. Special Failure States of this type need not be considered in complying with
the requirements of Section 3 if justification for considering the Failure States as Special
is submitted by the contractor and approved by the procuring activity.

Comparison

Mo special Failure State data are submitted herein.

Discussion

None

Recommendation

None
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Requirement

3.1.7 Operational Flight Envelopes. The Operational Flight Envelopes define the
boundaries in terms of speed, altitude, and load factor within which the airplane must be
capable of operating in order to accomplish the missions of 3.1.1. Envelopes for each
applicable Flight Phase shall be established with the guidance and approval of the procuring
activity. In the absence of specific guidance, the contractor shall use the representative
conditions of Table | for the applicable Flight Phases.

Comparison

The flight envelopes for the C-5A were specified for the various airplane configurations
and structural design conditions rather than for specific mission accomplishment and flight
phase, as currently required. As mentioned previously (3.1.1) the applicable Flight
Phase(s) has to be assigned by implication of configuration. Table 2, along with Figures
1(3.1.7) and 2(3.1.7) summarize the operational envelopes for Flight Phase Categories A
and B, Figure 1(3.1.7) presents the cruise (CR) and climb (CL) configuration snd Figure
2(3.1.7) presents the three descent configurations.

The ENROUTE descent is accomplished in the CR configuration with engines retarded
to flight idle power., The GEAR DOWN descent uses gear down, engines 1 and 4 in flight
idle and engines 2 and 3 in reverse idle. These descents would be associated with Flight
Phase D. The third descent schedule (RAPID) is used for flight phase (ED) and is accom~
plished with the gear up, engines 1 and 4 in flight idle and engines 2 and 3 in reverse
idle. Figure 3(3.1.7) presents the operational flight envelopes for the Flight Phase
Category C configurations.

Discussion

C-5A data supports this requirement.

Recommendation

None
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TABLE I, Operational Flight Envelope

FLICHT AIRSPEED ‘ ALTITUDE LOAD FaCTOR
Filase v (4 ) {v. @ h f a
CATLCORY FLIGHT PHASE Omin % in eax °1u! ®hin Omax Opin ©ax
AR-TO-AIR CONBAT {CC) 14V LA st | Corbar | -1.0f A
s Celling
CROND ATTACK {GA) 13V Yoar MsL Mediva | -1.0 | n
WEAPON DELTVERY/LAUNCH v v, HSL ‘Caxbat 5 .
03) Tange AT Ceiling
A JERIAL RECOVERY (AR) 1.1 ¥ V)W,RT MSL Conbat .5 “L
s Ceiling
RECONNAJSSANCE (RC) 53V v ust. | Corbat . .
1.3 HAT Ceiling
IN-FLIGHT REFUEL (RECEIVER) 1.2 Vs VMRT MSL Combat 5 .0
(RR} :
Ceiling
X FOLLOWING } . i .
TERRAIN FOLLOWING (TF) range vlL-\T 1SL 1¢,000 fe L] 3.5
INTISUTMARINE SEARCH (AS} 1.2 v, Vit usL | Mediwm o | 2.0
- Combat
SE L N AV 1 -
CLOSE FORMATION FLYING (FF) 1 s VH.RT st Ceiling 1.0 nL
cLima (CL) .85 vRIC 1.3 VRIC M5 Cruising] .5 2.0
Ceiling
CRUISE (CR) v v, MSL [ Cruising| .5 | 2.0
X ui s |2
Tinge kT Ceiling
; 85 Y Cruizing
LOITER" (LO) 85V, 4 L3V,4 MSL Ceiling .5 2,0
L INLFLICGH CELUY NEE ¢ . Lruising
U'-‘f FLICHT REFUEL (TANKER) 1.4 \‘S ‘PL\T sl Ceiling .5 2.0
DESCENT (D 1.4 ¥ Cruising
) s Vit usL Criline 5| o2
EMERGENCY DESCENT (ED A4Y : Cruising
GENCY T {ED) 1 s Voax MSL CE.‘“M& .5 2.0
PERGENCY DECELERATION AV v L | Cruising| s | 2.0
(DE) 5 raz Ceiling | :
AERTAL DELIVERY {AD) 1.2 v, 200 kt »si 10,000 ¢ 9 2.6
TAXEOFF (T0) Mininun Xormal Vux MSL 10,000 £t s 2.0
Takeoff Speed
CATAPULT TAKEDFF {CT) Minirum Catzpult Vo 3 M — B
End Airspeed Bin st L .5 L
+30 kt
¢ APPROACH (PA) Minizun Nommall ¥, wst f10,000fc. .5 | 2.0
Appreach Speed
NAVE-OFF/CO-AROUXD (0} Minizum Koraal| v Wst (10,0006t .5 | 2.0
Approach Speed
LANDING (L) Minimua Normall V_ o MSL 10,000ft.] .5 2.0
Landing $Speed

.Appruprlntc te the operationsl misslon.
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C-SA DATA
FLIGHT CATEGORY B
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C-SA DATA
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FLIGHT PHASE

Inflight Refuel {RR)
Terrain Following (TF)

Climb (CL)

Cruise (CR)

Loiter (LO)

Descent (D)

Emer. Descent (ED)
Aerial Delivery (AD)

Table 2. Operational Flight Envelope

FLIGHT PHASE CATEGORY A

AIRSPEED (KCAS) ALTITUDE (FT) LOAD FACTOR
Y v h h n n
o, o o, o o . )
min max min max min max
240 270 25,000 30,000 0.50 2.0
200 350 MSL 10,000 0 2.5

FLIGHT PHASE CATEGORY B

See Figure 1(3.1.7)
See Figure 1(3.1.7)
145 300 5,000 20,000 0.50 2.0
See Figure 2(3.1.7)
See Figure 2(3.1.7)
130 200 MSL 20,000 0 2.0

FLIGHT PHASE CATEGORY C

See Figure 3(3.1.7)
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Requirement

3.1.8 Service Flight Envelopes. For each Airplane Nomal State the contractor shell
establish, subject to the approval of the procuring activity, Service Flight Envelopes
showing combinations of speed, altitude, and normal acceleration derived from airplane
limits as distinguished from mission requirements. For each applicable Flight Phase and
Airplane Normal State, the boundaries of the Service Flight Envelopes can be coincident
with or lie outside the corresponding Operational Flight Envelopes, but in no case shall
they fall inside those Operational boundories. The boundaries of the Service Flight
Envelopes shall be based on considerations discussed in 3.1.8.1, 3.1.8.2, 3.1.8.3, and
3.1.8.4.

3.1.8.1 Maximum service speed. The maximum service speed, V orM , for each
. . max max
altitude is the lowest of:

a. The maximum permissible speed

b. A speed which is a safe margin below the speed at which intolerable buffet or struc-
tural vibration is encountered

c. The maximum airspeed at MAT, for each altitude, for dives {at all angles) from VMAT
at all altitudes, from which recovery can be made ot 2,000 feet above MSL or higher
without penetrating a safe margin from loss of control, other dangerous behavior, or
intolerable buffet, and without exceeding structural limits.

3.1.8.2 Minimum service speed. The minimum service speed, Vmin or Mmin’ for each
altitude, is the highest of:

a. 1.1 VS
b. VS + 10 knots equivalent airspeed

c. The speed below which full airplane-nose-up elevator control power and trim are
insufficient to maintain straight, steady flight

d. The lowest speed at which level flight can be maintained with MRT
and, for Category C Flight Phases:

e. A speed limited by reduced visibility or an extreme pitch attitude that would result in
the tail or oft fuselage contacting the ground.

3.1.8.3 Maximum service altitude. The maximum service altitude, hyqx, for a given
speed is the maximum altitude ot which a rate of climb of 100 feet per minute can be main-
tained in unaccelerated flight with MAT.

3.1.8.4 Service load factors. Maximum and minimum service load factors, n(+)[n{-)],
shall be established as a function of speed for several significant altitudes. The maximum
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[minimum] service load factor, when trimmed for 1g flight at a particular speed and
altitude, is the lowest [highest] algebraically of:

a. The positive [negative] structural limit load factor

b. The steady load factor corresponding to the minimum allowable stall weming angle of

attack (3.4.2.2.2)

c. The steady load factor at which the elevator control is in the full airplane-nose-up
[nose-down ] position

d. A safe margin below [above] the load factor at which intolerable buffet or structural
vibration is encountered.

Comparison

The service flight envelopes are presented in Figure 1(3.1,8) through 5(3.1.8)} for each
airplane configuration and applicable (implied) flight phase. Structurol design limits
establish the maximum service or pemissible speed. The minimum service speed is limited
by the highest of 1.1 V_or V_+ 10 knots (defined by the stall indication system) except for
the L configuration (Co?egory C), which is limited to 1.3 V; by geometry considerations.
The maximum service altitude is limited by power or thrust available and the maximum
service load factors (n+), n(~) are limited by structurel considerations and the shaker onset
schedule,

Discussion
The present structural design limit conditions were utilized to establish the Service

Flight Envelopes. The C-5A data favorably compares with these requirements.

Recommendation

None
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C-SA DATA
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C-S A DATA
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C-SA DATA

FLIGHT CATEGORY C
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Requirement

3.1.9 Permissible Flight Envelopes. The Permissible Flight Envelopes encompass all
regions in which operation of the airplane is both allowable and possible. These are the
boundaries of flight conditions outside the Service Flight Envelope which the airplane is
capable of safely encountering. Stalls, post stall gyrations, spins, zooms, and some dives
may be representative of such conditions. The Permissible Flight Envelopes define the
boundaries of these areas in terms of speed, altitude, and load factor.

3.1.9.1 Maximum permissible speed. The maximum permissible speed for each altitude
shall be the lowest of:

a. Limit speed based on structural considerations.

b. Limit speed based on engine considerations

c. The speed at which intolerable buffet or structural vibration is encountered

d. Maximum dive speed at MAT for each altitude, for dives (at all angles) from VpaT at
all altitudes from which dive recovery at 2000 feet above MSL or higher is possible with-
out encountering loss of control or other dangerous behavior, intolerable buffet or struc-

tural vibration, and without exceeding structural limits.

3.1.9.2 Minimum permissible speed. The minimum permissible speed in 1g flight is V_as
defined in 6.2.2 or 3.1.9.2.1. s

3.1.9.2.1 Minimum permissible speed other than stall speed. For some airplanes,
considerations other thon maximum lift determine the minimum permissible speed in 1g
flight (e.g., ability to perform altitude corrections, excessive sinking speed, ability to
execute a wave-off {go-around), etc.). In such coses, an arbitrary angle-of-attack limit,
or similar minimum speed and maximum load factor limits, shall be established for the
Permissible Flight Envelope, subject to the approval of the procuring activity. This
defined minimum permissible speed shall be used as VS in all applicable requirements.

Comparison

The permissible flight envelopes are presented in Figures 1(3.1.9) through 5(3.1.9).
The comparison and discussion of Requirement {3.1.8) will generally apply to this
requirement.

Discussion

None

Recommendation

None
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C-SA DATA
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C-SA DATA
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Requirement

3.1.10 Applications of Levels. Levels of flying qualities os indicated in 1.5 are
employed in this specification in realization of the possiblity that the airplane may be
required to operate under abnormal conditions. Such abnormalities that may occur as «
result of either flight outside the Operational Flight Envelope or the failure of airplane
components, or both, are permitted to comply with a degroded level of flying qualities as
specified in 3,1.10.1 through 3.1.10.3.3.

3.1.10.1 Requirements for Airplane Normal States. The minimum required flying
qualities for Airplane Normal States (3.1.4.1) are as shown in table Il.

TABLE 1. Levels for Airplane Normal States

Within Within
Operational Flight Service Flight

Envelope Envelope

Level 1 . Level 2

Comparison

None

Discussion

None

Recommendation

None
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Reguirement

3.1.10.2 Requirements for Airplane Failure States. When Airplane Failure States exist
(3.1.6.2), a degradation in flying qualities is pemitted only if the probability of
encountering a lower Level than specified in 3.1.70.1 is sufficiently small. At intervals
established by the procuring activity, the contractor shall determine, based on the most
accurate available data, the probability of occurrence of each Airplane Failure State per
flight and the effect of that Failure State on the flying qualities within the Operational
and Service Flight Envelopes. These determingtions shall be based on MIL-STD-756
except that (a) all airplane components and systems are assumed to be operating for «
time period, per flight, equal to the longest operational mission fime to be considered by
the contractor in designing the airplane, and (b) each specific failure is assumed to be
present at whichever point in the Flight Envelope being considered is most critical {in the
flying qualities sense). From these Failure State probabilities and effects, the contractor
shall determine the overall probability, per flight, that one or more flying qualities are
degraded to Level 2 because of one or more failures. The contractor shall also detemine
the probability that one or more flying qualities are degraded to Level 3. These proba-
bilities shall be less than the values shown in table [ll.

TABLE I1l. Levels for Airplane Failure States

Probability of Within Operational Within Service
Encountering Flight Envelope Flight Envelope
Level 2 after failure <]0-2 per flight
Level 3 after failure *=:]0-4 per flight < 10-2 per flight

In no case shall a Failure State {(except an approved Special Failure State) degrade any
flying quality outside the Level 3 limit.

Comparison

The basis for the initial design of the C-5A was that no single failure would degrade
handling characteristics; and the effect of a second failure should not preclude completion
of the mission, with some degradation in handling characteristics, ond performing a safe
landing. At this point it is evident that ample conservatism was inc luded in the initial
design. The fact is bome out in the test results presented herein. In some sections of the
specification compliance with Level 1 requirements can be shown with SAS inoperative,
However, some Level 2 requirements cannot be met with SAS operative. During the con-
duct of the Category | /1! flight test program, ample tests were conducted with the SAS
intentionally disengaged. These were conducted with one engine inoperative and with
two engines inoperative on the same side. Results were also obtained with a single and with
two hydraulic system(s) depressurized. For the purpose of this report SAS inoperative results
have been compared with Level 2 requirements. Although, the SAS is triple redundant.
Accurate failure rate data, which is not available, could possibly alter some assignment of
failure test results presented in this report. Results obtained with a single hydraulic system
depressurized have been compared with Level 2 requirements, while results with two
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hydraulic systems depressurized have been related to Level 3 conditions. Here again
accurate failure rate data could change this. Due to reasons summarized here, o
meaningful comparison of C-5A data with the requirements of this paragraph is not
feasible.

Discussion
Due to insufficient C-5A failure effects data and the reasons stated above, the validity

of this requirement cannot be substantiated.

Recommendation

None
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Requirement

3.1.10.2.1 Requirements for specific failures. The requirements on the effects of
specific types of failures, e.g., propulsion or flight control system, shall be met on the
basis that the specific type of failure has occurred, regardless of its probability of
occurrence.

3.1.10.3 Exceptions

3.1.10.3.1 Ground operation and temminal Flight Phases. Some requirements pertaining
to takeoff, landing, and toxiing involve operation outside the Operational, Service and
Permissible Flight Envelopes, as at V_ or on the ground. When requirements are stated at
conditions such as these, the Levels ~ shall be applied as if the conditions were in the
Operational Flight Envelope.

3.1.10.3.2 When Levels are not specified. Within the Operational and Service Flight
Envelopes, oll requirements that are not identified with specific Levels shall be met under
all conditions of component and system failure except approved Airplane Special Failure
States {3.1.6.2.1).

3.1.10.3.3 Flight outside the Service Flight Envelope. From all points in the Permissible
Flight Envelopes, it shall be possible readily and safely to retum to the Service Flight
Envelope without exceptional pilot skill or technique, regardless of component or system
failures, The requirements on flight at high angle of attack, dive characteristics, dive
recovery devices, and on approach to dangerous flight conditions shall also apply.

Comparison

None

Discussion

None

Recommendation

None
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Reguirement

3.2 Longitudinal flying qualities

3.2.1 Longitudinal stability with respect to speed

3.2.1.1 Longitudinal static stability. There shall be no tendency for the airspeed to
diverge aperiodically when the airplane is disturbed from trim with the cockpit controls
fixed and with them free. This requirement will be considered satisfied if the variations of
elevator control force and elevator control position with airspeed are smooth and the local
gradients stable, with:

Trimmer and throttle controls not moved from the trim settings by the crew, and
lg acceleration normal to the flight path, and
constant altitude

over @ range about the trim speed of £15 percent or £50 knots equivalent
airspeed, whichever is less (except where limited by the boundaries of the
Service Flight Envelope}. Stable gradients mean incremental pull forces and
aft displacement of the elevator control to maintain slower airspeeds and the
opposite to maintain faster airspeeds. The term gradient does not include that
portion of the control force or control position versus airspeed curve within
the preloaded breakout force or friction range.

Comparison

Static longitudinal stability tests were conducted on the C=5A in each of the takeoff,
approach, landing, cruise, dive, aerial delivery, glide and wave-off configurations
throughout the appropriate speed range. Each flight test was conducted using the following
procedure. The cirplane was trimmed "hands off" at the appropriate trim speed. Without
changing power setting or trim setting, the airplane was stabilized at speeds below and
above the trim speed within the range of £15 percent or £ 50 KIAS, whichever was less.
Typical results from these tests, presented in Figures 1{3.2.1.1) through &(3.2.1.1), show
that in order to stabilize af speeds less than the trim airspeed an aft movement of the control
column displacement was required along with an increase in pull control forces. In order
to stabilize at speeds above the trim speed a push forward on the contrel column was
required. Since power was not changed during any of these runs the airplane climbed
slightly at speeds less than the trim value and descended at speeds greater than trim. The
variation in altitude experienced during any run was kept within 2,000 feet of the trim
-altitude. Test results presented in Figures 1{(3.2.1.1) through 6(3.2.1.1) show smooth
variation of stick position and force with airspeed along with stable local gradients, It is,
therefore, concluded that the C-5A comply with requirements of this paragraph. In addi-
tion, pilot comments indicated no adverse characteristics.
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Discussion

The portion of the second paragraph which states "constant altitude” is incompatible
with the first portion whic h states "trimmer and throttle controls not moved trom the trim
settings by the crew.” There is no way fo conduct these tests at a constant altitude
unless power is varied. It is not recommended to alter the trim power setting during the
subject tests since a variation in thrust has more of an effect on airplane pifching moment
than a slight variation in altitude. Therefore, the requirement should be changed to
permit o variation in altitude during the conduct of these tests.

Recommendation

{t is recommended that "constant altitude" be replaced by "altitude within £2,000 feet
from trim altitude."
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C-SA FLIGHT TEST DATA
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Requirement

3.2.1.1.1 Relaxation in transonic flight. The requirements of 3.2.1.1 may be relaxed
in the transonic speed range provided any divergent airplane motions or reversals in slope
of elevator control force and elevator control position with speed are gradual and not
objectionable to the pilot. In no case, however, shall the requirements of 3.2.1.1 be
relaxed mare than the following:

a. Levels 1 and 2 - For center-stick controllers, no local force gradient shall be
more unstable than 3 pounds per 0,01 M nor shall the force change exceed 10
pounds in the unstable direction. The corresponding limits for wheel controllers
are 5 pounds per 0.01 M and 15 pounds, respectively.

b. Level 3 - For center-stick controllers, no local force gradient shall be more
unstable than 6 pounds per 0.01 M nor shall the force ever exceed 20 pounds in
the unstable direction. The corresponding limits for wheel controllers are 10
pounds per 0.01 M and 30 pounds, respectively.

This relaxation does not apply to Level 1 for any Flight Phase which requires
prolonged transonic operation.,
Comparison
Results presented in Figure 1(3.2.1.1.1) show that the C-5A longitudinal control
characteristics comply with the transonic flight requirements of this paragraph. In addi-
tion, pilot comments noted no unusual handling characteristics. |t was also concluded by
the joint Air Farce/Company Test Team that Mach trim compensation was not required.
It is, therefore, concluded tt ot the C-5A characteristics compare favorably with this
requirement.

Discussion

The C-5A characteristics compare favorably with this requirement.

Recommendation

None
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Requirement

3.2.1.1.2 Elevator control force variations during rapid speed changes. When the
airplane is accelerated and decelerated rapidly through the operational speed range and
through the transonic speed range by the most critical combination of changes in power,
actuation of deceleration devices, steep turns and pullups, the magnitude and rate of the
associated trim change shall not be so great as to cause difficulty in maintaining the
desired load factor by normal pilot techniques.

Comparison

Flight test maneuvers consisting of thrust reverser extensions, rapid power changes,
landing gear extension and retraction, flap extension and retractions and cargo door
opening and closing were conducted to evaluate C-5A longitudingl trim change charac -
teristics. Results of these tests are presented in Section 3.6.3.1 and show that there are
no adverse control force characteristics associated with rapid speed changes. It is,
therefore, concluded that the C=5A characteristics comply favorably with this requirement.

Discussion

C~5A test results support this requirement.

Recommendation

None
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Requirement

3.2.1.2 Phugoid Stability. The long-period airspeed oscillations which occur when the
airplane seeks a stabilized airspeed following a disturbance shall meet the following
requirements:

a. Level l =~ [ at feast 0.04
b. Level 2 = C at least O

c. Llevel3 - T2 at least 55 seconds

These requirments apply with the elevator contro! free and alwo with it fixed. They need
not be met transonically in cases where 3.2.1.1.1 permits relaxation of the static stability
requirements,

Comparison

Dynamic longitudinal stability tests were conducted on the C-5A to determine the
frequency and damping characteristics of the long period (phugoid) oscitlatory modes
resulting from short duration longitudinal control deflections. Results from the flight tests
are presented in Figure 1 (3.2.1.2) in the form of phugoid frequency (w__) versus damping
ratio ({). These data are for the clean configuration and represent resulfs obtained ot
gross weights ranging from approximately 500,000 |b to 700,000 Ib, altitudes ranging from
10,000 ft to 35,000 ft, Mach numbers ranging from approximately 0.33 to 0.825 (M},) and
at center of gravity conditions ranging from the forward limit {(192.0%) to the aft limit
{41.0%). A tabulation of the test results are presented in Table 3.

Table 3. Phugoid Stability Summary - Cruise Configuration

Altitude Required ¢ C.G.
(1) Mach No. LUnp g Level (% MAC)
10,000 0.64 0.056 0.062 0.04 22
10,000 0.64 0.056 0.044 0.04 41
10,000 0.64 0.054 0.058 0.04 22
26,000 0.77 0.058 0.096 0.04 41
35,000 0.825 0.026 0.149 0.04 41
10,000 0.33 0.105 0.106 0.04 22
35,000 0.54 0.105 0.048 0.04 22
10,000 0.39 0.080 0.028 0.04 4]
10,000 0.39 0.0%1 0.027 0.04 22
35,000 0.70 0.075 0.025 0.04 41
35,000 0.70 0.088 0.042 0.04 22
26,000 0.60 0.070 0.024 0.04 41
26,000 0.60 0.070 0.030 0.04 22
26,000 0.66 0.065 0.045 0.04 22
26,000 0.66 0.096 0.030 0.04 41

89



A review of the test results show that the higher damping dato were obtained at Mach
number conditions in excess of 0.75 M where drag rise due to speed (Cpyy) is the primary
contributor to higher damping. Nommal cruise for the C-5A is 0.76 M to 0.79 M. It
should also be noted that the conditions under which the 0.04 damping requirement for
Level 1 is not met are other than normal cruise. Herein, the period ranged from one
minute to two minutes and pilot reports do not indicate any annoyance due to trim diffi-
culty or any control problem associated with the longitudinel phugoid.

Tests were conducted at 1.3 V in the takeoff /approach configuration and the results
tabulated in Table 4 show a wide variation in damping characteristics.

Table 4. Phugoid Stability Summary
Takeoff /Approach Configuration

Gross
Altitude Weight C.G. Required C
(ft) (Ib) (% MAC) “op g Level
2,000 700,000 Aft 0.085 0.0525 0.04
2,000 500,000 Aft 0.087 0.165 0.04
2,000 675,000 Fwd 0.116 0.029 0.04

The flaps down data, like the cruise results, show that the period (54 to 74 seconds) is
easily controlloble with no adverse pilot comments. However, the results obtained at the
forward C.G. position show noncompliance with the 0.04 minimum damping ratio require-
ments.,

Discussion

Results of longitudinal phugoid tests conducied on the C-5A show that the damping
ratio { varied from about 0.024 to 0.165 for Level 1 conditions, not completely complying
with the 0.04 requirements of this section. Pilot comments corresponding to these results
averaged about 3.5 which are for Level 1 conditions. For Level 2 test conditions the
damping ratio is permitted to drop fo zero with a corresponding degradation in pilot rating.
Here the inconsistency appears to exist in the specification requirements for a Class {1l type
airplane. Test results correspond to Level 2 requirements, but the pilot ratings correspond
to Level 1 requirements, This inconsistency is considered to exist because the Period Wnp
has not been taken into consideration. The C-5A results which fell below the 0.04
damping requirement had a period of at least one minute, which probably offected pilot
ratings considerably . It is, therefore, concluded that the 0.04 damping requirement for
Level 1 should be relaxed provided that the frequency of the oscillation is low enough not
to affect trimmability or longitudinal control. It is also evident from these data that the
application of MIL-F-8785B(ASG) longitudinal phugoid requirements to the C-5A initial
design, in [iev of MIL-F-8785(ASG) requirements, would have had an insignificant effect
on overali pilot ratings but would have had a significant effect on the initial design end
resulting cost.
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Recommendations

It is recommended that the following note be added to the last paragraph:
"Subject to approval of the procuring activity, relaxation of the Level 1

requirements is permitted for conditions where if can be shown that the
period of the oscillation is greater than 30 seconds.™
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Requirement

3.2.1.3 Flight-Path Stability. Flight-path stability is defined in terms of flight-path-
angle change where the airspeed is changed by the use of the elevator control only
(throttle setting not changed by the crew). For the landing approach Flight Phase, the

flight-path-angle versus true~airspeed curve shall have a local slope at V which is
negative or less positive than: ®min

a. Level | ==——mecmmmeen- 0.06 degrees/knot

b. Level 2 =—mmmmmmcaean 0.15 degrees/knot

o B B 0.24 degrees/knot

The thrust setting shall be that required for the normal approach glide path at V°min . The
slope of the flight-path angle versus airspeed curve at 5 knots slower than V,
shall not be more than 0.05 degrees per knot more positive than the slope at

Yomin % illustrated by:

+
_ | v {TAS), XT

or] \
[ ]
=
-t
-
=
[ ™
,.'.
S
a
[*9

1 / y

REGICH OF REGION OF

) POSITIVE -e——p—t= X
DIFFERENCE IN / SLOPES Hgﬁozgz
SLEPES KOT TO

EXCEED .05 DEG/XT -

Comparison

Flight-path stability tests were conducted on the C-5A during o simulated landing
approach at an altitude of 6,000 feet. The airplane was trimmed at 1,3V, (V, ) in the
landing configuration with thrus'r required for a rate of sink of approxrmafeiy 80d’ /mm
Without changing power setting or trim setting, data were recorded at stabilized speed
conditions of (vomin +5), (Vomin - 5), and (Vomin - 10). Results of the tests are pre-

sented in Figure No, 1(3.2,1.3) in the form of flight path angle {Y) versus true airspeed.
Flight path angle was obtained by the equation,
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-1 Vertical Speed

¥ =5IN True Airspeed

Vertical speed was obtained by differentiating pressure altitude with respect to time.
Radar altimeter data were not available. Presented along with the flight test data are
analytical results computed from thrust required and thrust available data obtained from
flight test performance tests. These data show that at the normal approach speed of
1.3 VSI (Vomin) the local slope of flight-path-angle versus true airspeed is -0.0020 deg/kt,

thus complying with the requirement that the slope should not be more positive than
0,06 deg/kt. In addition, the data also show that the change in slope from V°min to

(Vomin - 5) is +0.0064 deg/kt which also complies with the requirement of not exceeding

+0.05 deg/kt. Based on the 0.06 deg/kt requirement and Figure 1(3.2.1.3) data, the
C-5A londing approach speed could be as low as 1.2 V.,

Discussion

The second sentence of the first paragraph which states, "For the landing approach...,"
is not clear. The sentence should be revised to state the acceptable range of slope of
flight-path-angle versus true airspeed.

Reference 3 suggests that a radar altimeter be utilized to determine vertical speed for
calculating flight-path-angle. This imposes an additional requirement on test instrumen-
tation along with a requirement that the test be conducted over a smooth terrain. The
most straightforward method is to obtain stable airspeed, altitude and free air temperature
data and then calculate the flight path angle from vertical speed and true airspeed. As an
aid in fairing the flight test results, it is also recommended that analytical data from
power required flight test results be utilized for computing flight path angle versus true
airspeed. .

Recommendation

[t is recommended that the second sentence of the first paragraph be revised as follows:

"For the landing approach flight phase, the flight-path=angle versus true airspeed
shall have a local slope at V°min which is within the following ranges:

a. Level 1 - From Positive 0.060 DEG /KT to negative slope
b. Level 2 - From positive 0.15 DEG /KT to negative slope

c. Level 3 - From positive 0.24 DEG /KT to negative slope
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Requirement

3.2.2 Longitudinal maneuvering characteristics.

3.2.2.1 Short-period response. The short-period response of angle of attack which

occurs at approximately constant speed, and which may be produced by abrupt elevator
control inputs, shall meet the requirements of 3.2.2.1.1 ond 3.2.2.1.2. These require-
ments apply, with the cockpit control free and with it fixed, for responses of any magni-
tude that might be experienced In service use. |f oscillations are nonlinear with amplitude,
the requirements shall apply to each cycle of the oscillation. In addition to meeting the
numerical requirements of 3.2,2.1,1 and 3.2.2.1.2, the contractor shall show that the
airplane has acceptable response characteristics in atmespheric disturbances.

3.2.2.1.1 Short-period frequency and acceleration sensitivity. The short-period
undamped natural frequency, Ungp? shall be within the limits shown in figures 1, 2, and 3,

If suitable means of directly controlling nomal force are provided, the lower bounds on
g and n/t of figure 3 may be relaxed if opproved by the procuring activity.

3.2.2.1.2 Short-period damping. The short=period damping ratio, C‘SP' shall be within
the limits of table TV,

TABLE IV. Short-period damping Ratio Limits

Level Category A and C Flight Phases Category B Flight Phases
Minimum Maximum Minimum Maximum
1 0.35 1.30 0.30 2.00
0.25 2,00 0.20 2.00
3 0.15% - 0,15 -

*May be reduced at altitudes obove 20,000 feet if approved by the procuring activity.

Comparison

The short=period response characteristics were investigated with the pitch SAS inopera-
tive at the flight conditions listed in Tables 5 and & by both the elevator pulse and
the elevator doublet methods. Either procedure produced essentially the some results. The
short period is well damped with no residual oscillations and is rated by the Joint Air Force/
Lockheed Test Team pilots as good for all Flight Phases.

As stated in Reference 2, the short period oscillations were essentially deadbeat
throughout the flight envelope; consequently, frequency oand damping ratic data were not
extracted from the time history plots. In order to compare analytical data with these
requirements, a “curve-fit" technique of flight test data with a theoretical short period
shape of known frequency and damping was employed. Table 7 lists the flight conditions
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investigated and Figures 1(3.2.2.1), 2(3.2.2.1), and 3(3.2.2.1) present the results in the
required format for flight phases A, B, and C, respectively. It should be noted that low
altitude cruise data (Category B) is also applicable for the terrain following flight phase
(Category A) and medium altitude (approximately 25,000 ft} cruise data (Category B)
corresponds to the in-flight refueling flight phase (Category A).

The data presented in Table 7 complies with the domping ratio requirements. Although,
neither of the Flight Phase A, B, or C resulis completely comply with the frequency
requirements. For Category A, only one test condifion satisfies the Level 1 requirements
and only three conditions satisfy the Level 2 and 3 requirements. For Category B Flight
Phase, all the data except the high altitude (35,000 ft) satisfy the Level 1 requirements.
For Category C, three test conditions fall below the Level T minimum frequency
requirements.

Discussion

Pitch SAS inoperative data are used for comparison with Level 1 requirements becquse
the joint Air Force/Lockheed test team concluded that short and long period characteristics
were good without any pitch domping. Short period damping and frequency was not
noticeably offected by operation of the pitch SAS. Pitch SAS operates as a function of
pitch rate oniy; consequently, its operation affects primarily the long period mode.

Based on the C-5A short period data discussed herein, the Level 1 ond Level 2
frequency requirement envelopes appear to be too high for all Flight Phase categories for
a Class Il airplane. Pilot comments indicate that the short period response corresponds to
Level 1 conditions. However, test results do not completely agree with specification
requirements. Although the terrain following flight phase is not utilized on C-5A fleet
aircraft yet, the in-flight refueling phase has been used with very satisfactory results.

It, therefore, appears that as an interim measure, the minimum frequency requirements
should be lowered for Class 11l aircraft for Flight Phases A and C. For Flight Phase B, the
lower limit need to be reduced for altitudes above approximately 20,000 f+.

Recommendations

{a) Additional data needs to be obtained for other Class I airplanes to support or revise
the Category A flight phase requirements.

(b) Relative to Category B, the lower bounds of Figure 2 Level 1 should be relaxed for
Class 111 airplanes contingent upon procuring activity approval.

(c) Reduce the lower bounds of Figure 3 Level 1 by ten percent.
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Table 5. Short Period Response - Category A & B Flight Conditions
PITCH CONTROL INPUT
CATEGORY |CONFIG. |WEIGHT |C.G. VKCAS ALT. FT. (+), (-) PULSE, DOUBLET

A&B CR 495,850 1 22,3 | 180 2,941 [ X X
A&B CR 644,056 | 22.6 | 211 2,943 X X
A&B CR 691,925 1 22,9 | 268 10,178 | X X
A&B CR 503,200 | 22.5 | 269 9,941 | X X

B CR 711,725 | 23.0 | 352 | 10,016 X

B CR 521,000 | 19.6 | 351 9,993 | X X
A&B CR 489,050 | 40.8 168 10,384 | X X X
A &B CR 636,900 | 39.7 | 213 | 10,499 X X
A&B CR  |682,700 | 40.1| 270 | 9,978 |x X X
A&B CR 507,991 | 40.7 | 265 9,826 X

B CR 699,600 [ 39.8 | 351 2,961 [ X X

B CR 545,900 | 19.7 197 29,321 X
A&B CR 679,945 [ 23.0 | 240 | 26,000 X

B CR 536,100 | 19.3 | 257 30,249 X
A&B CR 664,334 |1 22.9 | 269 26,010 | X X

B CR 557,209 [ 21.5 | 335 | 26,345 X

B CR 555,050 | 40.2 196 31,185 X
A&B CR 665,700 | 40.7 | 244 26,083 [ X X

B CR 564,400 [ 40.1 | 256 | 29,981 X
A&B CR 698,400 | 40.1 270 26,000 {X X

B CR 680,400 | 40.4 | 315 26,145 X

B CR 451,000 | 40.8 348 20,615 X

B CR 507,945 | 20.2 186 35,175 X X

B CR 496,734 | 19.8 238 35,134 X

B CR 467,200 | 40.8 193 34,709 | X X

B CR 475,724 [ 40.7 | 231 36,320 | X X X

B CR  |499.200 |40.7 | 235 |35,045 |X X

B CR 513,400 | 40.5 | 272 35,175 | X X

B D 690,200 | 22.9 | 246 | 12,559 X

B D 505,643 [40.7 | 245 14,150 | X X X

B D 671,728 |1 40.9 | 250 26,270 | X X X

B D 475,724 [ 40.8 | 23i 34,700 | X X X

B AD 624,060 | 20.3 135 7,815 (X X

B AD 683,263 122.4 | 150 2,046 | X X

B AD 514,301 | 32.9 | 131 6,203 | X X

B AD 688,690 {40.6 150 9,100 | X

B AD 668,890 (40,6 153 ¢, 100 | X X X
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Table 6. Short Period Response - Category C Flight Conditions

CONFIG. | WEIGHT | C.G. | Ve, | ALT-FT. (E;TC('f)CPaELR’O[';(')"dEEgT
T.0. (16) | 704,600 | 22.9 156 10,876 X X
T.0. (16) | 720,900 | 23.2 183 9,569 X X
T7.0. (16) | 710,750 | 40.5 156 10,959 X X
T.0. (16) | 706,550 | 40.6 185 11,319 X X
T.O. (25) | 489,450 | 22.2 132 11,183 | X X

T.O. (25) | 670,900 | 22.6 149 9,178 | X X X
T.0. (25) | 674,750 | 22.8 150 9,704 | X X

T.0. (25) | 715,800 | 23.2 183 11,073 | X X X
T.O. (25) | 498,150 | 40.7 129 9,630 X X
T.0. (25) | 684,000 | 40.4 148 i1,513 X
T.0. (25) | 661,800 | 40.6 151 10,470 | X X

T.0. (25) | 679,150 | 40.6 186 11,186 X
T.O. (25) | 489,500 | 40.5 183 10,107 | X X X
L 468,400 | 19.3 107 9,980 X
L 482,900 | 21.9 124 11,270 | X X

L 661,500 | 22.8 145 10,187 | X X

L 707,200 | 23.0 163 11,793 | X

L 457,116 | 40.9 11 10,227 | X X X
L 487,750 | 40.4 126 10,679 | X X X
L 636,100 | 39.6 145 1,704 | X X

L 700,150 | 40.7 165 8,611 | X X

L 489,600 | 40.4 166 10,703 | X X X

NOTE: (+) Pulse - Pull Force on Control
(=) Pulse - Push Force on Control
Doublet - Rapid Force Reversal, Approx. Symmetric
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Table 7. Short Period Response Summary

Flight Data - Curve Fit

CATEGORY |CONFIG. |WEIGHT [C.G. [V oo | ALT. | € fu n/a
C T7.0. (25)[670,900 [22.6 | 149 | 9,178]|.65(1.06] .81 4.03
C T.O. (25)| 661,800 | 40.6 | 151 [10,470].93| .71] .26] 4.15
C T.O. (25)[489,500 [40.5| 183 [10,107).93|1.05| .39 8.40
C L 661,500 |22.8 | 145 [10,187|.65|1.01| .77| 3.87
C L 636,100 139.6 | 145 |[11,704}.84| .76| .41| 3.98
C L 700,150 [40.7| 165 | 8,611|.89| .77| .35| 4.70
A&B |CR 495,850 [22.3 | 180 | 9,941(.63]1.29}1.00| 6.50
A&B |CR 691,925 | 22.9| 268 |10,178].57[1.81{1.49(10.70
A&B |CR 503,200 | 22.5| 269 | 9,941|.61|1.86}1.47|14.80
A&B |CR 682,700 | 40.1| 270 | 9,978|.76|1.27| .83|10.90
A&B |CR 699,600 | 39.8 | 351 | 9,961|.76[1.55/1.0118.40
A&B |CR 698,400 [ 40.1| 270 |26,000(.61[1.08| .86]11.80
B CR 499,200 | 40.7 | 235 |35,045|.85| .80| .42{13.00
B CR 513,400 | 40.5| 272 |35,175|.78[1.08| .68|18.70
B D 505,643 | 40.7 | 245 |14,150|.7911.22| .75[11.70
B 475,724 | 40.8 | 231 |34,700|.85| .83] .44|11.40
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C-SA FLIGHT TEST DATA
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C-SA FLIGHT TEST DATA

CAT &
100
- §
Wy
s
0 |To ¢onFI (77/—;)
B | L qgonNEl
100
o 36
L1
.?‘
ﬁg%
o <5
v //
y =
} T B
£ 7 ol 016
o
gl -096
! o T
-
. 4 P
S| ﬁ T
1.0 - - %
B L1
//
| /é“/
0.1
Lo 100

1O
7/< ~ 35 /RAD

FIGURE N0.3(3.2.2) SHORT- PERIOD FREQUENCY

106



Requirement

3.2,2.1.3 Residual oscillations. Any sustained residual oscillations shall not interfere
with the pilot's ability to perform the tasks required in service use of the airplane. For
Levels 1 and 2, oscillations in normal acceleration at the pilot's station greater than
+0.05g will be considered excessive for any Flight Phase, as will pitch attitude oscilla-
tions greater than £3 mils for Category A Flight Phases requiring precision control of
attitude. These requirements shall apply with the elevator control fixed and with it free.

Comparison

There are no test data availble for comparison with this requirement; however, it is
reported that the airplane response is well damped with no residual oscillations.

Discussion

None

Recommendation

None
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Reguiremenf

3.2.2.2 Control Feel and Stability in Maneuvering Flight. In steady turning flight and
in pullups at constant speed, increasing pull forces and aft motion of the elevator control
and airplane-nose-up deflection of the elevator surface are required to maintain increases
in normal acceleration throughout the range of service load factors defined in 3.1.8.4.,
Increases in push force, forward control motion, and airplane-nose~down deflection of the
elevator surface are required to maintain reductions of normal acceleration in pushovers.

Comparison

Tables 8a through 8c presents o summary of maneuvering flight test results obtained on
the C-5A throughout the operational speed envelope and in all configurations. Figures
1(3.2.2.2) through 5(3.2.2.2) present time history data from typical normal and abrupt
symmetrical puli-up and push~down maneuvers, These data, along with the maneuvering
flight summary, show that increasing pull forces along with airplane-nose~up deflection of
the elevator surface are required to maintain increases in normal acceleration and vice
versa. Consequently, a favorable comparison of the C-5A control feel and stability
characteristics with the requirements of this paragraph is demonstrated.

Discussion

C-5A flight test results compare favorably with this requirement.

Recommendation

Nonhe
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CG.YERT. ACCEL. ~ 'S

ELEVATOR FoRCE~LBS
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C-SA FLIGHT TEST DATA

RUN CONDITIONS! )
G.W. ~ §99,500 LBS. TAKE-OFF FLAPS
CG.~ 19,6 7 MAC
HORIE. STAR, POS, ~ 3 4°Alc N.LP
Va ~ 194 KTS,

UP WHp ~ D700 FT. AD CONFIG,

PuLL

TE.DN.

1 1 1 ] 1 L] LI L] ¥

o 2 4 Py 8 o 2 4

ELAPSED TIME ~SECONDS

FIGURE No. | (32.2.2) NORMAL SYMMETRICAL PUSH-DOWN
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C-SA FLIGHT TEST DATA

RUN CONDITIONS?
GW. ~ ©92,000 LBS,
CG.~ 22,| % MAC
HORIE, STAB, POS, ~ O, 1% Al N.UP
Ve ~ 344 WKTS,
upL Hp ~ 23300 FT,

cR _CoNFIQ.

CG.YERT. ACCEL.~ &g
o
in
1

0.8
\0g— PULL

So-

ELEVATOR FoRCE~LEBS
in
[
1

T.E.DN.

ELEV, POSITION~DEG.

ELAPSED TIME ~SECONDS

FIGURE NO.2 (32.2.2) NORMAL SYMMETRICAL PUSH-DOWN

113



CG.YERT. ACCEL. ~Ca's

ELEVATOR FORCE~LB%

ELEV. POSITION~DEG.
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1

C-SA FLIGHT TEST DATA

RUN CONDITIONS!
G.W, ~ 722,000 LBS

CG.~ 4], 4 4 WMAC

HORI3. STAB.POS. ~ 2,5 Alc. N.DN,

Ve ~ 379 KTS CR CONFIG.

UP MHp ~ I5100 FT.

. TE.ON,

| §
2. - 6 8 o 2 “
ELAPSED TIME ~SECONDS

FIGURE NO. 3 (3.2.2.2) ABRUPT SYMMETRICAL PUSH-DOWN
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C-SA FLIGHT TEST DATA

RUN CONDITIONS?

G.W. ~ 702,000 LBS,
CG.~— 22,2 % MAC

HOR'3, STAB.POS, ~ O°
Ve ~ 32| KTS.

Hp ~ 22500 FT.

HI-DRAG CONFIG.

ELAPSED TIME ~SECONDS

FIGURE NO.4 (3.2.2.2) NORMAL SYMMETRICAL PUSH-DOWN
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C-SA FLIGHT TEST DATA

RUN COMDITIONS:
G.W. ~ ©06,200 LBS,
CG. ~ 19,5 7 MAC
HORI&, STAB POS. ~ 4,1° Al& N.UP
Ve ~ 205 KT%S,
UP Hp ~ 92300 FT. ADCONFIgG,

u
3

5

CG.VERT. ACLEL. ~<x s
o
[7,]
[
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ELEVATOR FORCE~LBS
n
[~]
1

TE. DN,
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¥
o 2 - 6 8 o 2 14
ELAPSED TIME ~SECONDS

FIGURE NO. 5(3.2.2.2) NORMAL SYMMETRICAL. PUsH-DOWN
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Requirement

3.2.2.2.1 Control forces in maneuvering flight. At constant speed in steady turing
flight, pullups, and pushovers, the variations in elevator-control force with steady-state
normal acceleration shall be approximately linear. In general, departure from linearity
resulting in a local gradient which differs from the average gradient for the maneuver by
more than 50 percent is considered excessive. All local force gradients shall be within
the limits of Table V. In addition, whenever the short-period frequency is near the upper
boundaries of Figure 1, Fo/n should be near the Level 1 upper boundaries of Table V. This
may be necessary to avoid abrupt response, sensitivity, or tendencies toward pilot«induced
oscillations. The term gradient does not include that portion of the force versus n curve
within the preloaded breakout force or friction band.

Comparison

A summary of the elevator control force gradient at forward C.G. is presented in
Figure 1(3.2.2.2.1) which are used to evaluate the maximum values of the requirement.
Figure 2(3.2.2.2.1) presents a summary of the elevator control force gradient at oft C.G.

The force per load factor gradients at forward C.G. compare favorably with the Level
1 maximum values; however, the gradients at aft C.G. are below the Level 1 boundary
for five conditions and below the Level 2 boundary for two conditions.
Discussion

The C-5A control force gradients are rated satisfactory and acceptable, which would
tend to substantiate the Level 1 maximum requirements and tend to question the validity of

the Level 1 minimum requirements.

The minimum boundary of the Level 1 requirement appears to be too high.

Recommendation

Reduce the minimum boundary of the Level 1 requirement to 35/nL - 1 ond Level 2

requirement fo 30/nL - 1 for a Class |1l Airplane which has an n, equal to 2.5.

L
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TABLE V., .Elevator Maneuvering Force Gradient Limits

Center Stick Controllers

. . Minimum Gradient,
Maximum Cradient, g

Level (stn)max. pounds per g (Fs/n)min’ pounds per g

240 The higher of

nfo 21
1 but not morc than 28.0 nL-l

56 v
nor less than “L'l and 3.0

360 The higher of
n/jx 18
2 but not more than 42.5 n -1
85 +
nor less than n -1 and 3.0
3 56.0 3.0

*For nL< 3, (Fs/n)ma

is 28.0 for Level 1, 42.5 for Level 2.

X

Wheel Controllers

Maximum Gradient,
(stn)max. pounds per g

Mininum Gradient,
(Fs/n)min, pounds per g

500
nfe
but not more than 120.0
120

nL-l

nor less than

The higher of
45

nL-l

and 6.0

775
n/ce
but not more than 182.0

nor less than nlff

L

The higher
38

nL-l

and 6.0

240.0
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C-SA FLIGHT TEST DATA

O 7ooxI10°LE EWD C.G.
A ssoxio®8 o
0O 480x10*.8 SAS OFF
S00
R i //r | LENEL 240 18/3
o7
2 \%x | LEVEL "7 m:{&-l)
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o
3
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N

uo/h,, )

50 ~
0 g
Ell.. Ll 7,
— g 7 7777 45/(9, -
7777 R/ 7777 ek ’:-"W' 38/04-)
10
707 ¥77 7777 YL 7y o "B/ﬁ'

tn

GRADIENT OF ELEVATOR CONTROL FORCE WITH 77 — LB/

1.0

I.O I

(o] 5 100
77 /o< ~ 35 /RAD

FIGURE NO. | (3.22.2)) ELEVATOR CONTROL FORCE GRADIENT SUMMARY
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CG-SA FLIGHT TEST DATA

O 7ooxio®LB AFT C.G.
A ssoxio%LB
0 48oxi10%°L8 SAS OFF
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$ L 7z 22 1 LEN '.L di y/r 240 "5/3'
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-4 oy
t \:';.i
¥ s N sy | LENEL & le.:/(»,{-t)
< 100 o !
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3
s
o
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9 7777 777 o 0.0) Li‘:ii l_‘_._ a 45/(n.-Y)
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4
9
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W 777 777 v amE e e S & 18/p
L 5
0
l—-
Z
w
0
b
(4
9
I.o] o
. 10 100
77 /o ~ S /RAD
FIGURE N0.2(3.22.21) ELEVATOR CONTROL ADIENT SUMMARY
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Requirement

3.2.2.2.2 Control motions in maneuvering flight. Thé elevator—control motions in
maneuvering flight shall not be so large or s0 small as to be objectionable, For Category
A Flight Phases, the average gradient of elevator-control force per inch of elevator-
control deflection at constant speed shall be not less then 5 pounds for Levels 1 and 2.

Comparison

Since the C-5A uses a full-power control system, an elevator artificial feel subsystem
is utilized to provide the pilot with appropriate "feel” forces. Based on flight test data,
the subsystem provides the column with o force per inch of travel ranging from a minimum
of 5 pounds per inch to @ maximum of 15 for both push and pull motions. Therefore, it is
concluded that the C-5A agrees with this requirement,

Discussion

C-5A design and test data compare favorably with this requirement.

Recommendation

None
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Regui rement

3.2.2.3 Longitudinal Pilot-Induced Oscillation = There shall be no tendency for pilot~
induced oscillations, thot is, sustained or uncontrolled oscillations resulting from the efforts
of the pilot to control the airplane.

Comparison
Throughout the conduct of the C-5A Category I/1l Flight Test Program which accumu-
lated a total of approximately 7,000 flight hours consisting of performance, flying qualities,
loads and systems tests, there was only one condition in which a tendency toward a pilot=

induced oscillation occurred. This condition occurred early in the Flight Test Program
during air refueling tests with a KC-135 tanker. As Figure 1{3.2.2.3) shows, the condi-
tion occurred in the precontact position at an altitude of approximately 22,000 feet and
an airspeed of 237 KIAS. The gross weight and center of gravity position were 480,700 Ib
and 30% MAC, respectively. Al the time these tests were conducted, the longitudinal
control feel system (Pilot-Assist Cable Servo System = PACS) and the pitch axis stability
augmentation system were not in final configuration. It was later concluded that the PIO
tendency was due to a faulty pitch PACS (elevator break-out force was 18 Ib) aggrevated
by an out of trim condition existing at the start of the test. Since the time the gbove test
was conducted, approximately 150 additional air refueling test runs have been conducted
with final production PACS and SAS configurations with no reported tendency toward P10,
It is, therefore, concluded that the C-5A agrees with the requirements of this section.

Discussion

The C-5A results agree with this requirement,

Recommendation

None
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Requirement

3.2.2.3.1 Transient Control Forces. The peak elevator-control forces developed during
abrupt maneuvers shall not be objectionably light, and the buildup of control force during
the maneuver entry shall lead the buildup of normal acceleration. Specifically, the
following requirement shall be met when the elevator control is pumped sinusoidally. For
all input frequencies, the ratio of the peak force amplitude to the peak normal load factor
amplitude at the ¢.g. measured from the steady oscillation, shall be greater than:

Center-Stick Controllers ====m=emee- 3.0 pounds perg

Wheel Controliers »o=====mmmemeeee 6.0 pounds per g

Comparison

Although tests were not conducted on the C-5A to specifically evaluate the longitudi-
nal control force gradient during sinusoidal type inputs, sufficient data were obtained from
other tests to show that the intent of this requirement is met. Figures 1(3.2,2.3.1) and
2(3.2.2.3.1) present results obtained during dynamic longitudinal stability and airload
survey tests in which the elevator control was pumped rapidly and slowly, respectively.
During the dynamic longitudinal tests the input frequency was approximately 1,25 Hz and
during the airload survey tests the input frequency was approximately .08 Hz, These dota
show that in each case the buildup of control force preceded the buildup of acceleration
and the control force gradient was far in excess of the 6.0 |b/g minimum limit. It is,
therefore, concluded that resuits from the C~5A tests agree with this requirement.,

Discussion

None

Recommendagtion

None
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C-85A FLIGHT TEST DATA
LANDING CONFIG

ARSPEED: 11O WwWCAS
ALTITUDE: 13000 FT.
G.wW.! 4570008
C.G. . 40,.9% WAL

TE.UP
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N A

vP ,
VERT. ACCEL.®C.G.~Gg

PITCH ANGLE ~ DEG

1D =

| 1 ! L) ) 1 ¥ L ¥ T 1

LB 2 ]
o a - - -] o kX V-

ELAPSED TIME ~ SECONDS

FIGURE NO.1(32.23.) DWNAMIC LONGITUDINAL STABILITY
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Requirement

3.2.3 Longitudinal Control

3.2.3.1 Longitudinal Control in Unaccelerated Flight. In erect unaccelerated flight at
all service altitudes, the attainment of all speeds between V_ and VMAX shall not be
limited by the effectiveness of the longitudinal control or controls.

Comparison

Results from trim capability, stall characteristics and dive to VD/MD tests are used to

compare C-5A longitudinal control effectiveness with this requirement. Figures 1(3.2.3.1)
through 4(3.2.3.1) present results of trim copability tests conducted with the center of
gravity at the forward limit and of the aft limit in each of the landing, takeoff/approach,
alternate takeoff and cruise configurations. Figure 5(3.2.3.1) presents stall characteristics
test results obtained with the center of gravity at the forward limit and Figure &3.2.3.1)
presents results of dive tests to VD/MD. The center of gravity for these tests was also at

the forward limit. These data show that the attainment of all speeds between VS and
Virax is nof limited by longitudinal control effectiveness in conjunction with stabilizer

trim.

Discussion

C-5A results substantiate validity of the requirement.

Recommendation

MNone
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HORIBONTAL STABILIZER INCIODEMCE ~ DEG.

Al w.0.
~12 -

-Io—n

C-SA FLIGHT TEST DATA
L CONFIG — TLF
SYMBOL ALTITUDE(FT) GROSS wr. (LB)

(0] 0,000 606,500-71%,500
a 18,000 #465,500 -478,500

IDLE THRUST
L Lt

A/C WU LIMIT

-

o
9

1
)
r

4

[+
-
4

4\ % MAC
—Q O] @ o

L ==L}

T 1 T | T T 1 T T
2.0 1.8 \.& 1.4 2 O o8

LIFT COEFFICIENT (. )

FIGURE NO.| (3.2.3.1) TRIM CAPABILITY
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HORI\ZOMTAL STABILIEER (NCIDENCE~DEG,

C-SA FLIGHT TEST DATA
TO/PA CONFIG-TLF

SYMBOL ALTITURE(FT) GROSS WT. (n.-}
IDLE THRUST
AJC N.U,
_|2 -

O] 10,000 613,500-207,500
Gl 10,000 4§7,000-9@7 500

y s o
A/ Nu.LiMmIT

-8= ] | { L] L T
20 aAd Y- So
iy C.GQ.~PCT ML

“Z 4) 7% MAC
o - —LH— ﬁa@_ (O, ol

1 ] 1 LI ]
2.0 .8 L& .4 L2 =) 0.8
LIFT COEFPICIENT ()

FIGURE NO0.2(3.2.3.1) TRIM CAPABILITY
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HORITONTAL STABILIZEER INCIDENCE~DEG,

-5 A FLIGHT TEST DATA
ATO CONFIG — TLF

SYMBOL ALTITUDE (FT} GROSS Wr. (%))
0] 10,000 ©28,500-709,500
O] 10,000 484,000-49|,000

Afc N,

T T T
20 32 4.0 50

-6 c.a~ PeT MAC

417 MAC

)
2.0 1.8 e 14 L2 Le 0.8
LIFT COERFICIENT (c,_)

FIGURE N0.3(3.2.3.1) TRIM CAPABILITY
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HORIZONTAL STABILIZER INCIDENCE ~DEG,

C-SA FLIGHRT TEST DATA
SR CONFIG — TLF
SYMBOL ALTITUDE(FT) GRO3S Wr(LB)

O 10,000  615,500-654,000

A 26000 50 000-6986,500
& 10,000 464,000-537,000
0 35 000 481,500-517, 500

12 % MAC

3
p 4
c

1 LI ¥ 1 4 g

20 30 40 so &0
e C.G.~ PCT MAC

250 XEAS
Al Ve MAC 350006 LBS

G OSS W,

2 ¥ | ¥ L 1 T
1.2 1.0 0.8 0.6 0.4 0.2

LIFT CoeFFICIENT (C\)

FIGURE N04 (3.23.1) TRIM CAPABILITY
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C-SA FLIGHT TEST DATA
ATO CONFIG
TRIM @1.3Vs

GW, ~ 674,000 LBS

C.G.~ 22.7 % MAC
Io. T-EODNI

ELEVATOR POS. ~DEQG.

20 = N.UP _‘///\

ANGLE OF ATTACK ~DEG. l

2 o
20 - NUP I
10
o4 PITCH ANGLE ~DEG,
SSHAKER
e {- X PLUSHER
15500~ _ .os
150004 AUTITUDE ~ FT. —
14500
150 -
1404
A\RSPEED ~KCAS
130+ |
120 - |
wo T ¥ Y T Y | T T T T Y u T 1
o 4 8 12 le 20 24 28
ELAPSED TIME ~SEC.
FIGURE NO.S/3.23.\) STALL CHARACTERISTICS
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60-}

40-

C-SA FLIGHT TEST ONTR
CR CONEIG

TRIM @ 0.825(M4y)
GQW, ~ 56,000 1.9B%
POLL C.G,~ 20.% Vs MAL

STICK FORCE ~LBS

201

O -~

5 - T.E. DN.

o~ ELEVATOR POg ~ DEG.

26 -

24 o

-5_\__/’/

-1
28 T

ALTITUDE ~ 1000 FT,

22 -
86+ MACH NO.
B4
3801 AIRSPEED~KCAS —
370 HNOTE
Vi ! B50KLAS
360 ~ My 0.825
Vo' 402 KCAS ® 22,000FT
1506
M. ©.875
3‘0 L] 1 T 1 L T L] L 1 L) L] 1 LI
o 4 - 2 e 20 24 28

ELAPSED TIME~SEC,

FIGURE N0.6(3.231) DIWE CHARACTERISTICS

133



Requirement

3.2.3.2 Longitudinal Control in Maneuvering Flight.. Within the Operational Flight
Envelope, it shall be possible to develop, by use of the elevator control alone, the
following ranges of lood factors:

Levels 1 and 2 ==—~ no(-) to no(+)

Level 3 —m+=mmemum n = 0.5g to the lower of:

a) n (+)

2.0forn (+)< 39
b) n= °
0.50n_(+)+ 11 for n_(+) > 3

This maneuvering capability is required at the lg #rim speed and, with trim and throttle
settings not changed by the crew, over a range about the trim speed the lesser of 15
percent or +50 knots equivalent airspeed (except where limited by the boundaries of the
Operational Flight Envelope). Within the Service and Pemmissible Flight Envelopes, the
dive-recovery requirements of 3.2.3.5 and 3.2.3.6, respectively, shall be met.

Comparison

Specific tests to satisfy this requirement were not conducted on the C=5A; however,
there are sufficient data available from maneuvering flight, static longitudinal and stall
tests to show that the C=5A con comply with the Level 1 and 2 requirements. Figure
1{3.2.3.2) presents a summary of longitudinal maneuver capability showing the variation
of lift coefficient versus Mach number for trim at 480,000 Ib with the center of gravity at
the forward limit and sea level. Based on test results these conditions are the most
critical for accomplishing the required test. The Figure 1(3.2.3.2) data shows that the
C-5A has sufficient longitudinal control to mistrim 50 kts and then maneuver to n,_ (2.0g)

- within the speed range of Mach numbers 0.29 to 0.600 (Vp @ 5.L.). Below the max
speed condition 0,29 MN fulf up elevator restricts the attainment of 2,0g. At o Mach
number condition of 0.25 MN, full up elevator will result in an acceleration value of
1.65g. These data, therefore, show that the C-5A could not completely comply with
this requirement,

Discussion

Based on the information presented in Reference 3, the intent of this requirement is to
ensure that control surface-fixed stability or longitudinal instability characteristics will
not unduly limit maneuver capability. The intent of this requirement for a Class Ili air-
plane is understandable, although the conduct of this type test is not consistent with
normal operation. For the conditions shown in Figure 1(3.2.3.2), approximately 25 percent
of full up elevator with a corresponding pull force of about 30 pounds is necessary to
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change the speed 50 knots at a trim speed of 0.35 Mach number. Imposing an addifional

' maneuver requirement to 2.0g is not considered realistic for Class Il operation. A more
realistic requirement for Class 1! operation is the following which was applied to the C-5A
design specification. "The elevator shall be capable of providing a load factor of 1.5
against the most adverse stabilizer trim position at the design dive speed."

Recommendation

It is recommended that for Class |1l type aircraft, the following requirement apply:
"The elevator shall be capable of providing a load factor of 1.5 against the most adverse
stabilizer trim position at the design dive speed.”
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C-SA FLIGHT TEST DATA
CR CONFI&

\léT
o
254, (REQUIRED For SOKRT
:,: N /_ MISTRIM § MANEUVER)
A\
otz - STALL
y4
u
U —
I
L og -
u \ :
Q \ _NATURAL
J - \ CBUFFET
- \
E 0-4- \
i
o VST |
1 ] J ! 1 | T T T 1
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Requirement

3.2.3.3 Llongitudinal Control in Takeoff. The effectiveness of the elevator control shall
not restrict the takeoff performance of the airplane and shall be sufficient to prevent over-
rotation to undesirable attitudes during takeoffs, Satisfactory takeoffs shall not be depen-
dent upon use of the trimmer control during takeoff or on complicated control manipulation
by the pilot. For nose-wheel airplanes it shall be possible to obtain, at 0.9 Vmin’ the

pitch attitude which will result in takeoff at Vmin' For tail-wheel airplanes, it shall be
possible to maintain any pitch attitude up to that for o level thrust-line at 0.5 Ve for
Class | airplanes at at VS for Class 11, Ill, and IV airplanes. These requirements shall be

met on hard-surfaced runways. In the event that an airplane has a mission requirement for
operation from unprepared fields, these requirements shall be met on such fields.

Comparison

C-5A data used for comparison with this requirement were cbtained from girplane
performance tests. For the C-5A, the establishment of rotation and lift-off speeds was
based on attaining 1.2 VS at the 50 ft obstacle point with three engines operating. For

the four-engine case the obstacle clearance speed is stightly in excess of 1.2 Vs at heavy

gross weight conditions. C-5A rotation and lift-off speeds were established at various
gross weight conditions so that the proper obstacle clearance speed would be attained
without violating other performance limitations such as VMCAIR or pitch attitude as

fimited by the maximum ground angle to prevent dragging the oft fuselage. Table ¢
summarizes the four-engine rotation and lift-off speeds in percent stall speed. These datq
are independent of center of gravity position.

Table 9. C-5A Rotation and Lift-Off Speed Summary

Gross Weight V Rotation V Lift-Off
(lbs.) (Percent Stall Speed)
360,000 1.07 1.19
400,000 1.0% 1.19
440,000 1.10 1.20
480,000 1.11 1.20
520,000 1.11 1.21
560,000 1.12 1.21
600,000 1.13 1.21
640,000 1.14 1.22
680,000 1.15 1.23
720,000 1.15 1.23

A typical takeoff run is presented in Figures 1a(3.2.3.3), 1b(3.2.3.3), and 1¢(3.2.3.3)
which show that the lift-off attitude is approximately 8.0 degrees nose up. Maximum
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allowable is about 10 degrees. The requirement states that this attitude (8.0 degrees)
should be attained at 0,9 vmin which corresponds to \/S according to paragraph 3.1.8.2,

Although, Table | of MIL-F-8785B{ASG) states that V°min is "Minimum Normal Takeoff
Speed." The requirements of 3.2.3.3 would be vague and meaningless for a Class 111

airplane if V_, definition is "minimum normal tokeoff speed." Assuming that V .
min min

definition is according to paragraph 3.1.8.2, rotation would have to be initiated ot
approximately 0,9 VS' At 0.9 VS in the takeoff-configuration, the attitude would be

about 14 degrees which is in excess of the maximum allowable ground angle. Based on the
definition of Vmin given in paragraph 3.1.8.2e, it appears that the C-5A complies with

the intent of this requirement.,

Discussion

Compliance with this paragraph is based on the definition of Vmin which is not clearly

defined. For a Class |l airplane the requirement should be relative to a reasonable tokeoff
absue from flight test established rotation speeds.

Recommendations

It is recommended that the third sentence, "For nose-wheel airplanes ...," be reploced
with the following:
For nose~wheel airplanes it shall be possible to rotate at published VR speed

minus 5 knots without exceeding the published obstacle clearance speed, For
multi-engine airplanes this requirement shall be met with an engine failed ot
the critical engine failure speed.
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C-SA FLIGHT TEST DATA

BASIC PARAMETERS
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C-8A FLIGHT TEST DATA

BASIC PARAMMETERS
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C-SA FLIGHT TEST DATA

LONGITUDINAL CONTROL
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Requirement

3.2.3.3.1 Longitudinal Contrel in Catapult Takeoff = Cn airplanes designed for catapult
takeoff, the effectiveness of the elevator control hall be sufficient to prevent the airplane
from pitching up or down to undesirable attitudes in catapult takeoffs at speeds ranging from
the minimum safe launching speed to a launching speed 30 knots higher than the minimum,
Satisfactory catapult takeoffs shall not depend upon complicated control manipulation by
the pilot.

Comparison

None. Not applicable to the C-5A.

Discussion

None

Recommendation

None
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Requirement

3.2.3.3.2 Longitudinal Control Force and Travel in Takeoff - With the trim setting
optional but fixed, the elevator-control forces required during all types of takeoffs for
which the airplane is designed, including short-field takeoffs and assisted takeoffs such as
catapult or rocket-augmented, shall be within the following limits:

Nose~Wheel and Bicycle-Gear Airplanes

Classes |, IV-C —=--mmmmmmeememe 20 pounds pull to 10 pounds push
Classes 1-C, IV-L =m=emmmmeee— 30 pounds pull to 10 pounds push
Classes <L, 1 ===mwmw—mo—m———ae 50 pounds pull to 20 pounds push

Tail-Wheel Airplanes

Classes |, 1I-C, IV ===memeecaae- 20 pounds push to 10 pounds pull
Classes H-L, [l ====~~mmmmmeeeun 35 pounds push to 15 pounds pull

The elevator-control travel during these takeoffs shall not exceed 75 percent of the total
travel, stop-to-stop. For purposes of this requirement, the term takeoff includes the
ground run, rotation and lift~off, the ensuring acceleration to Vmax (TO), and the

transient coused by assist cessation. Tokeoff power shall be maintained until Vo ox (TO)

is reached, with the landing gear and high-lift devices retracted in the normal manner at
speeds from Vomin (TO) to qux (TO).

Comparison

The C-5A test data used for comparison with this requirement are presented in Figures
1(3.2.3.3) through 12(3.2.3.3) along with Figures 1(3.2.3.3.2) and 2(3.2.3.3.2).
Elevator control force was not recorded on the time history plots presented in Figures
1(3.2.3.3) through 12(3.2.3.3) but control cotumn position and elevator position was
recorded. With these data, along with the results of ground control cycle tests presented
in Figures 1(3.2.3.3.2) and 2(3.2.3.3.2), elevator control force can be determined at
any point during the takeoff run. These data show that the maximum elevator conirol
force encounter during any of the takeoff runs presented in Figures 1{3.2.3.3) through
12(3.2.3.3) was approximately 35 pounds pull and 15 pounds push which comply with the
50 pounds pull and 20 pounds push requirement of this section. in addition, these data
also show compliance with the requirement that the control travel should not exceed the
75 percent total travel limit. The C-5A favorably compares with this requirement.
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Discussion

None

Recommendation

None
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C-SA FLIGHT TEST DATA
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Requirement

3.2.3.4 \longitudinal Control in Landing ~ The elevator control shall be sufficiently
effective in the landing flight phase in close proximity to the ground, that:

a. The geometry-limited touchdown attitude can be maintained in the level flight,
or

b. The lower of V. (L) or the guaranteed landing speed can be obtained.

g
This requirement shall be met with the airplane trimmed fro the approach flight phase at
the recommended approach speed. The requirements of 3.2.3.4 and 3.2.3.4.1 define
Levels 1 and 2. For Level 3, it shall be possible to execute safe approaches and landings
in the presence of atmospheric disturbances.

Comparison

Figures 1a(3.2.3.4) and 1b(3.2.3.4) present pertinent time data of o landing test
conducted on the C-5A at a gross weight of 537,000 Ib and a center of gravity position of
18.78% MAC. The airplane was frimmed at | .SVSL, which is the handbook recommended

approach speed, and the trim setting was not changed throughout the run. Touchdown was
accomplished at 1. |3VSL with an attitude angle of 6.5 degrees nose up. The maximum

allowable ground angle for the C~5A is 7.4 degrees. The data show that approximately
15 degrees trailing edge up elevator (full travel 25 degrees) was required at touchdown .
These data, therefore, compare favorably with the Level 1 requirement.

Relative to Level 2 requirements, two landings were made on the C~5A with the
Number 2 hydraulic system deactivated which reduces the available hinge moment
capability to about half on the inboard elevators, one~third on the outboard elevators and
to about half on the lower rudder. Time history plots of these tests are presented in
Reference 2.

The first landing was made at heavy weight and forward ¢ .g. with an actual hydraulic
failure of the No. 2 system. A normal approach and landing was made, and a maximum
elevator control force of 28 pounds occurred at touchdown. The second landing was made
at medium weight and forward c.g. and with the aircraft trimmed at 1.4\/5 in the PA

configuration and not retrimmed thereafter. A maximum elevator control force of 37
pounds occurred at touchdown. With a simulated failure of the No. 2 hydraulic system,
there was no noticeable degradation in control available during landing.

Relative to Level 3 conditions, simulated landing approaches were made with both the
Number 2 and NMumber 3 hydraulic systems deactivated. Results of these tests are presented
in Reference 2, The tests were performed at medium weight and forward c.g. With these
two hydraulic systems inoperative, the inboard elevators were unpowered and consequently
drooped to about 3 to 5 degrees, which reduced the available elevator power. Pitch
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control was very limited, however, it was possible to maneuver and safely land the airplane
provided that longitudinal trim was closely maintained and no large attitude changes were
attempted. It was necessary to anficipate any trim change requirements including the
nose-up trim change with the addition of power and lead this trim change with the stabi-
lizer trim. It should also be noted that the lower rudder was unpowered, and even though
the test indicated that a landing could be accomplished the directional contrel was limited.

Discussion

C-5A results agree with the requirements of this section.

Recommendation

None
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C-SA FLIGHT TEST ODATA
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C-5A FLIGHT TEST DATA

LONGITUDINAL CONTROL
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Requirement

3.2.3.4.1 Longitudinal Control Forces in Landing. The elevator-contro!l forces required
to meet the requirements of 3.2,3.4 shall be pull forces and shall not exceed:

Classes |, 11-C, IV —=re—mmeeuue 35 pounds
Classes 11-L, Hl =e=emommeecaaaa 50 pounds
Comparison

Data presented in Sections 3.2.3.3.2 and 3.2.3.4 are used for comparison with this
requirement. Elevator control force was not presented with the time history plots of
landing essessment results shown in Section 3.2.3.4., However, by use of the ground
control cycle test results, presented in Section 3.2.3.3.2, elevator control forces were
determined at various conditions throughout the landing run. These daota show that approxi-
mately 35 pounds pull force was required during flare and about 50 pounds pull force was
necessary just following extension of ground spoilers. The increase in control forces
following main gear touchdown waos due to the deployment of ground spoilers prior to nose
wheel touchdown, which is an acceptable procedure for short field landings.

Discussion

C-5A test results support the requirements of this section.

Recommendation

None
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Requirement

3.2.3.5 Longitudinal Control Forces in Dives - Service Flight Envelope. With the air-
plane trimmed for level flight ot speeds throughout the Service Flight Envelope, the ele-~
vator control forces in dives to all oftainable speeds within the Service Flight Envelope
shall not exceed 50 pounds push or ten pounds pull for airplanes with center-stick
controllers, nor 75 pounds push or 15 pounds pull for airplanes with wheel controllers.

In similar dives, but with trim optional following the dive entry, it shall be possible with
normal piloting techniques to maintain the forces within the limits of 10 pounds push or
pull for airplanes with center-stick controllers, and 20 pounds push or pull for airplanes
with wheel controllers. The forces required for recovery from these dives shall be in
accordance with the gradients specified in 3.2.2.2.1 although speed may vary during the
pullout,

Comparison

Results of a dive test conducted in the emergency descent configuration are used for
comparison with the first portion of this requirement. These data are the only results which
fall within the requirements for the service flight envelope specified in paragraph 3.1.8.
The emergency descent configuration test was conducted through the altitude range of
35,000 feet to 10,000 feet. The airplane was trimmed at Mach 0.825 at 35,000 feet with
normal rated thrust af a gross weight of 490,000 pounds with forward center-of—gravity.
The power on engines 1 and 4 was reduced to flight idle, and the power on engines 2 and
3 was reduced to reverse idle. The trim setting was not gltered during the dive and sub-
sequent recovery at 10,000 feet. Figure 1{3.2.3.5) shows that the control forces did not
exceed 20 pounds push or 12 pounds pufl which comply with the maximum ollowable of 75
pounds push or 15 pounds pull. No unusual control charaocteristics were encountered during
the test,

Relative to the second portion of this requirement, which permits use of trim, dive
tests were not conducted according to the specific requirements of this paragraph. Instead,
the results of a dive test which was conducted at speeds in excess of the service flight
envelope are used for comparison here. The test was conducted in the clean configuration
to evaluate longitudinal trimmability at speeds up to Vo {permissible flight envelope).

Gross weight was 571,000 pounds with the center of gravity at 19.2% MAC. Figure
2(3.2.3.5) presents the results of the dive and show that a speed of 404 KCAS was attained
at 10,000 feet (VD = 398 KCAS @ 10,000 ft). During the dive the airplane was trimmed

at 403 KCAS where an elevator pulse was accomplished.

These data show that the frim system was capable of reducing all control forces to zero
and that there were no unusual control charocteristics at speeds up to VD.

These C-5A dive test results, therefore, compare favorably with this requirement.
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Discussion

For the emergency descent configuration, the service flight speed envelope is from
175 KCAS or shaker activation whichever is greater to 0.825 MN/350 KIAS. A literal
interpretation of this requirement means that during a descent within the above speed
range up until recovery is initiated, the control forces should be within 75 pounds push or
15 pounds pull. Lockheed's interpretation of this requirement has been that either Mach
number or airspeed is held constant during a run, unless some limitation is reached, until
recovery is initiated, MIL-F-8785B{ASG) has requirements conceming trim change, force
gradients and static longitudinal stability., Consequently, there is no need for duplication.
A speed range in terms of percent of initial trim should be specified.

Recommendation

Insert the following after the first sentence: "Speed variation during o dive should be
consistent with handbook procedures; however, it need not exceed £25% of initial trim."
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C-5A FLIGHT TEST DATA
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C-SA FLIGHT TEST DATA
Vo /Mo
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Requirement

3.2.3.6 Longitudinal Control Forces in Dives = Permissible Flight Envelope. With the
airplane trimmed for level flight at V but with trim optional in the dive, it shall be
possible to maintain the elevator conm.a@%orce within the limits of 50 pounds push or 35
pounds pull in dives to all attainable speeds within the Permissible Flight Envelope., The
force required for recovery from these dives shall not exceed 120 pounds. Trim and
deceleration devices, etc., may be used to assist in recovery if no unusua! pilot technique
is required.

Comparison

Figures 1a(3.2.3.6) and 1b(3.2.3.6) present the resulis of a dive to Mach 0.875 at
30,000 feet and a subsequent recovery with the airplane trimmed initially ot MH (Mach

0.825). Thee data show that during the dive the control forces varied from zero ot
0.825 M to 20 pounds push at 0.86M and during the recovery the control force reached a
maximum of 60 pounds pull for an acceleration value of 1.80 g at 0.875M. These dota,
therefore, compare favorably with the requirements of this section,

Discussion

Results from tests conducted to satisfy the requirements of this section along with
Section 3.2.3.5 are dependent upon the establishment of the service flight envelope and
the permissible flight envelope. According to Paragraph 3.1.8.1, the contractor is pro-
vided the option of establishing a speed limitation between the operational flight envelope
and the pemmissible flight envelope relative to maximum speeds. For some aircraft the
maximum service speed and the maximum permissible speed may be the same, as in the case
of the C-141A and the C-5A. When this occurs, the specification should provide some
guidance as to which paragraph, 3.2.3.5 or 3.2.3.6, should be complied with. Tests for
both paragraphs, in this case, should not have to be conducted.

Recommendation

Add the following note to either paragraph 3.2.3.5 0r 3.2.3.6:
When the maximum service speed and the maximum permissible speed

envelopes are coincident, the trim operable tests defined in paragraph
3.2.3.5 need not be complied with.
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C-SA FLIGHT TEST DATA
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Requirement

3.2.3.7 Longitudinal Control in Sideslips. With the airplane trimmed for straight, level
flight with zero sideslip, the elevator—control force required to maintain constant speed in
steady sideslips with up to 50 pounds of rudder peda! force in either direction shall not
exceed the elevator-control force that would result in a Tg change in normal acceleration.
In no case, however, shall the elevator—ontrol force exceed:

Center-stick controllers ~—==~==-- 10 pounds pull to 3 pounds push
Wheel controllers ========oeu-- 15 pounds pull to 10 pounds push

If a variation of elevator-controf force with sideslip does exist, it is preferred that
increasing pull force accompany increasing sideslip, and that the magnitude ond direction
of the force change be similar for right and left sideslips. These requirements define
Levels 1 and 2. For Level 3, there shall be no uncontrollable pitching motions associated
with the sideslips discussed above.

Comparison

Static lateral directional stability tests were conducted on the C-5A throughout the
operational speed range in the landing, takeoff/approach, cruise, descent, and aerial
delivery configurations. Results from these tests are discussed in Section 3.3.6 of this
report. As stated in Reference 2, "longitudinal trim changes during steady heading, con-
stant airspeed sideslips were mild. Stick Forces were positive and less than 10 pounds in
all cases." The C-5A elevator control force characteristics during sideslips, therefore,
agree with this requirement,

Discussion

None

Recommendation

None
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Resuiremen‘r

3.3 Lateral-directional flying qualities

3.3.1 Laoteral-directional mode characteristics

3.3.1.1 Loteral-directional oscillations (Dutch roll). The frequency, wnd, and damping
ration, L4, of the lateral-directional ascillations following a rudder disturbance input shall
exceed the minimums in table VI. The requirements shafl be met with cockpit controls
fixed and with them free, in oscillations of any magnitude that might be experienced in
operational use. If the oscillation is nonlinear with amplitude, the requirement shall apply
to each cycle of the oscillation. Residual oscillations may be tolerated only if the ampli-
tude is sufficiently smoll that the motions are not objectionable and do not impair mission
performance. For Category A Flight Phases, angular deviations shall be less than + 3 mils.
With the control surfaces fixed, @nq shall always be greater than zero.

Table VI. Minimum Dutch Roll Frequency and Damping

Flight Phase Min {dtong ,* Min tny,

Level Category Class Min Cy rad/sec. rad/sec.
A Y 0.19 0.35 1.0

I, m 0.19 0.35 0.4 **

] B All 0.08 0.15 0.4 **
Gl 0.0 0.15 1.0

¢ M-L, i 0.08 0.15 0.4 **

2 All All 0.02 0.05 0.4 **

3 All All 0.02 - 0.4 **

* The governing damping requirement is that yielding the larger value of £4.

**Class Il airplanes may be excepted from the minimum “h, requirement, subject
to approval by the procuring activity, if the requirements of 3.3.2 through
3.3.2.4.1, 3.3.5 ond 3.3.9.4 are met.

When wgdW/B]d is greater than 20 (rc[d/sec)z, the minimum Cd@ngy shall be in-
creased above the {d®ng minimums listed above by:

.014 (wﬁdlﬂ/al 4-20)

Level 2 - Agytwn, = .009 (wﬁdwm 4~ 20)
005 @A, |p] , - 20)

i

Level 1 - A(;dwnd

n

Level 3 - i\gdwnd

with n in rad/sec.
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ComBgrison

Dynamic lateral-directional stability tests were conducted on the C-5A throughout the
operational speed-altitude envelope with the center of gravity at the aft limit (41% MAC).
These tests were conducted by exciting the Dutch roll frequency by rudder doublets with
the stability augmentation system off. Afrer exciting the basic airplane mode, the SAS was
turned on in an attempt to determine the SAS effect on damping. Some representative time
history plots are presented in Figures 1(3.3.1) through 8(3.3.1) and show that the effect
of SAS operation is to suppress basic airplone modes. These data, therefore, show that the
C-5A agree with the Level T requirements for flight phase categories B and C. For the
C-5A, flight phases for Category A are the same as for Category B. Consequently, re-
quirements for Category A are also in agreement with C-5A results. With respect to the
requirement that the angular deviations shall be less than + 3 mils for the Category A
flight phase, instrumentation accuracy limitations prevent complete substantiation of this
requirement. Figure 9(3.3.1) summarizes test results obtained with the SAS inoperative
which are applicable to the Level 2 requirements. These data show that the minimum damp-
ing requirement of 0,02 ond the minimum undamped natural frequency requirement of 0.40
are complied with, although the minimum product (“n4C4) requirement of 0.05 is not met.
Test results presented in reference 2 show that operation with SAS off does not present any
operational problems due mainly to the fact that the period (10 seconds) is sufficiently
long. Table 10 tabulates plotted SAS inoperative test data.

Discussion

Based on the Category I/l test results which are discussed above, the C-5A flight man-
val (T.O. 1C-5A-1) does not restrict operation with the SAS inoperative. In addition,
evaluating pilots do not rate operation with the SAS inoperative below Level 2 suggested
guide lines (.65 Harper-Cooper scale). For these reasons, the Level 2 requirement that
Ld@ny be no less than 0.05 appears to be too stringent.

Recommendation

it is recommended that additional Class [l airplane data be obtained to substantiate
the Level 2 requirement of minimum £4%ng value of 0.05.
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Table 10. Dynamic Lateral Directional Stability Summary
SAS Inoperative

WEIGHT ALTITUDE . PERIOD 1/, wn
CONFIGURATION  {Lbs) (Ft) L C (Sec) /2 (Rad/Sec)
(CR) HEAVY 10,000 .81 .10 10.4 0.90 601
(CR) HEAVY 10,000 .28 .13 7.8 1.17 793
(CR) HEAVY 26,000 .43 .055 8.5 0.50 732
(CR) HEAVY 26,000  .245 .110 6.5 1.0 .954
(CR) HEAVY 26,000 .73 .03  10.0 .25 624
(CR) LIGHT 10,000 .20 .195 6.8 1.8 .899
(CR) LIGHT 25,000 .73 .080 10.2 .75 .610
(CR) LIGHT 25,000  .205 .12 6.0 1.05  1.03
(CR) LIGHT 35,000 .73 .030 11.0 .30 .567
(CR) LIGHT 35,000 .32 .10 7.0 .90 .885
(D) HEAVY 10,000 .58 .155 10.0 1.45 616
(D) HEAVY 26,000 .55 .05  10.0 .50 623
(L) HEAVY 10,000 .89 .14 8.5 1.25 .726
(L) HEAVY 10,000 1.56 .10  10.0 .94 621
(L) HEAVY  .10,000 1.72 .10  10.5 .90 .59
(L) LIGHT 10,000 1.35 .095 9.0 .85 .689
(L LIGHT 10,000 1.67 .105 8.0 .98 775
(10) HEAVY 10,000 .78 .055 7.0 .50 ,889
(TO) HEAVY 10,000 1.49 .085 9.5 .75 653
(TO) MEDIUM 10,000 1.72 .110 10.2 .95 .608
(TO) MEDIUM 10,000 1.035 .055 8.5 .50 732
(T0) MEDIUM 10,000 1.53 .09 9.0 .80 690
(TO) MEDIUM 10,000 1.53 .105 11.0 .95 .563
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C-5A FLIGHT TEST DATA

SAS OFF
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FIGURE N09 (2.3.1) LATERAL DIRECTIONAL DAMPING
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Reguirement

3.3.1.2 Roll Mode. The roll-mode time constant, "R, shall be no greater than the appro-
priate value in Table VII.

Table VII. Maximum Roll-Mode Time Constant

Flight Phase Level
Category Class 1 2 3
A (LY 1.0 | 1.4
", m 1.4 | 3.0
B All 1.4 | 3.0 10
C i H-C,. v 11.0] 1.4
(-1, I 1.4 | 3.0

ComEarison

The extraction of the roll-mode time constants from the C-5A data was done determin-
ing the logarithmic time constant from the roll rate buildup by solving for the time from P;
to .632 P;. P; is defined as the roll rate existing at t, following a step input of lateral
control. This method is in accordance with Appendix V of reference 3. This approach
closely approximates the time constant for the C-5A determined by the more rigorous meth-
ods because of the magnitude of the spiral-mode and Dutch-roll~mode time constants. The
spiral-mode time constant for the C-5A is large: sometimes divergent, someftimes conver-
gent. This, coupled with an operative SAS which virtually eliminates any Dutch-roll, .ro-
duces a nearly pure roll rate buildup that is influenced only by roll demping and rolling
inertia.

Figures 1, 2, and 3 (3.3.1.2) present the results of the analysis for the takeoff, land-
ing and cruise configurations, respectively. The roll-mode time constant for the C-5A ex-
ceeds Level 1 in all three cases. The landing configuration data remain well within Level
2. The takeoff configuration is at the maximum (3.0) for Level 2 at 1.3 VSTo. In the
cruise configuration, the roll-mode time constant is within Level 3 at the higher Mach
numbers. The higher Mach numbers are less than MH.

Discussion

One of the significant characteristics following the input of rapid full lateral control on
the C-5A is that the initial rolling acceleration produces a very noticeable "side kick" or
lateral acceleration component in the cockpit and in the troop compartment, since the cock-
pit and troop compartment are located considerably above the principal roll axis of the air-
plane. For normal operation, this characteristic can be avoided by initially using slow lat-
eral control input and then increasing the rate of input until the desired airplane response
is obtained. In situations requiring abrupt full control input, this characteristic will be
noticed; however, it will not unduly restrict the use of full control when required.
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The purpose of the roll-mode requirement is to describe the shape of the roll rate trace
which is essentially defining the average rolling acceleration. The C-5A does not meet
the Level 1 requirements, with most of the data showing Level 2 and, in some cases, Level
3. The C-5A exhibits this objectionable "side kick" characteristic. To achieve the Level
1 roll-mode time constant on the C-5A would produce an even more objectionable condition.

As previously stated, the "side kick" condition is caused by the cockpit location being
considerably above the principal roll axis, not by the heavier gross weight or larger airplane
size. It is, however, difficult to divorce the weight and size from the cockpit location be-
couse the design requirements essentially dictated the high cockpit for drive-through
capability and the low CG position because of the 265,000-pound carge located near the
truck bed height. It is felt that this condition will exist for all heavy transports and may
exist for other classes of airplane. This problem should be recognized in the roll-mode time
constant requirements.

Recommendation

For airplanes where the personne! are located at a considerable distance from the princi-
pal roli axis, the requirements of paragraph 3.3.1.2 may be reasonably relaxed. Additional
information is needed to support Class |1l requirements.
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C-SA FLIGHT TEST DATA
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C-SA FLIGRT TEST DATA
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C-5A FLIGHT TEST DATA
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Reguiremenr

3.3.1.3 Spiral stability. The combined effects of spiral stability, flight-control system
characteristics, and trim change with speed shall be such that following a disturbance in
bank of up to 20 degrees, the time for the bank angle to double will be greater than the
values in table VIII. This requirement shall be met with the airplane trimmed for wings-
level, zero-yaw-rate flight with the cockpit controls free.

Table VIIl. Spiral Stability - Minimum Time to Double Amplitude

Flight Phase Level
Class Category ] 2 3
A 12 sec | 12sec | 4 sec
1 & 1V
B&C 20 sec | 12sec | 4 sec
& i All 20 sec | 12sec | 4 sec

Comparison

Flight test evaluation of the spiral stability determined that the spiral mode is basically
neutral for most conditions and does not approach the allowable time to double amplitude
for the few conditions which are divergent.

Discussion

None

Recommendotion

None
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Requirement
3.3.1.4 Coupled Roll-Spirat Oscillation. A coupled roll-spiral mode will not be permitted.

ComErison

There is no indication in the C-5A data that a coupled roll-spiral mode exists.
Discussion
None

Recommendation

None
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Reguirement

3.3.2 Lateral-directional dynamic response characteristics. Lateral-directional dynamic
response characteristics are stated in terms of response to atmospheric disturbances and in
terms of allowable roll rate and bank oscillations, sideship excursions, aileron stick or wheel
forces, and rudder pedal forces that occur during specified rolling and turning maneuvers.
The requirements of 3.3.2.2, 3.3.2.3, and 3.3.2.4 apply for both right and left aileron
commands of all magnitudes up to the magnitude required to meet the roll performance re-
quirements of 3.3.4 and 3.3.4.1.

ComEg rison

None
Discussion
None

Recammendation

None
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Reguirement

3.3.2.1 Lateral-directional response to atmospheric disturbances. Although no numerical
requirements are specified, the combined effect of Wny, &d, TR, 4F/8, [ﬂ/ﬁ] ; gust
sensitivity, and flight-control-system nonlinearities shall be such that the alrp!ane will have
acceptable response and controllability characteristics in atmospheric disturbances. In par-
ticular, the roll acceleration, rate, and displacement responses to side gusts shall be inves-
tigated for airplanes with large rolling moment due to sideslip.

ComEu rison

Relative to the last sentence of the subject requirement, test data are presented in Sec-
tion 3.3.6.3.2 which show that the C-5A does not have large rolling moments due to side-
slip. In fact, these data show that at a speed of 100 KCAS, less than 75 percent wheel
throw is required to balance a side gust of 46 ft/sec. In addition, test data are presented
in Section 3.7.1 showing pilot workload and control characteristics in turbulence.

Discussion
None

Recommendation

None

179



Reguiremen‘r

3.3.2.2 Roll rate oscillations. Following a rudder-pedals-free step aileron cantrol com-
mand, the roll rate at the first minimum following the first peak shall be of the same sign
and not less than the following percentages of the roll rate at the first peak:

Level Flight Phase Category Percent |
1 A&C 60
B 25
2 \ A&C 25
B 0

For all levels, the change in bank angle shall always be in the direction of the aileron
control command. The aileron command shall be held fixed until the bank angle has
changed at least 90 degrees.

ComEu rison

Full wheel throw rolls performed with the C-5A show full compliance with the require-
ments of the paragraph. Table 11 summarizes these uncoordinated roll data for the normal
operating mode and table 12 summarizes the SAS off operating mode.

For the C-5A, the SAS produces sufficient roll entry coordination to eliminate roll
rate oscillation on full wheel throw rolls. In the tables, this is termed "flat, " which in-
herently means a roll rate valley-to-peak ratio of 100%. With the SAS off, which can be
considered as a single failure, the level of natural roll damping produces a slight oscillatory
characteristic. Oscillations are well within the paragraph minimum for Level 1 for SAS on
or off, for all flight categories.

All of these data were obtained with the aileron command held fixed less than the speci-
fied 90 degrees of bank. The C-5A is limited to 45 degrees of bank. Since a finite time
is necessary to accelerate and decelerate the roll, the full 20 degrees of roll is not
avoilable.

Discussion

MNone

Recommendation

The 90 degrees of required bank should be adjusted to 60 degrees to recognize the lar-
ger airplanes with 45 degree bank limitations.
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Table 11, C-5A Roll Rate Summary

SAS On
ROLL RATE | ROLL RATE MINTMUM
AT FIRST | AT SECOND SPECIFICATION
FLIGHT Ve |ALTITUDE | PEAK, P1 | PEAK, P2 |(P2/P1) (P2/P1)
CATEGORY | CONF|[ sAS | Gw Ls | KCAS | 1000 FT | DEG/SEC | DEG /SEC % %
C L | ON|708,000( 148 10 23.0 FLAT 100 60
C L | ON {480,000 | 123 12 21.5 FLAT 100 40
C L | ON {650,000 162 12 25.3 FLAT 100 40
c L | ON|475,000| 162 1 30.0 FLAT 100 &0
C TO | ON | 694,000 | 161 10 14.8 FLAT 100 40
C TO | ON | 490,000 125 12 13,6 FLAT 100 60
C TO | ON | 675,000 | 142 10 18.8 FLAT 100 60
C TO | ON | 490,000 | 180 10 20,0 FLAT 100 40
B CR | ON | 708,000 | 207 10 4.8 FLAT 100 25
B CR | ON 722,000 | 263 1 16,9 FLAT 100 25
B CR | ON | 712,000 | 358 12 13.5 FLAT 100 25
B CR | ON | 500,000 | 170 12 14.5 FLAT 100 25
8 CR | ON | 500,000 | 346 12 15.7 FLAT 100 25
B CR | ON | 700,000 | 268 26 17.7 FLAT 100 25
B CR | ON [ 690,000 305 26 20.8 FLAT 100 25
B CR | ON | 675,000 | 355 25 14.5 FLAT 100 25
B CR | ON | 450,000 | 247 27 21.0 FLAT 100 25
8 CR | ON | 450,000 342 25 13.0 FLAT 100 25
8 CR | ON | 470,000 | 216 35 19.3 FLAT 100 25
B CR | ON| 480,000 284 35 21.8 FLAT 100 25
Table 12. C-5A Roll Rate Summary
SAS Off
ROLL RATE| ROLL RATE MINTMOM ™
AT FIRST | AT SECOND SPECIFICATION
FLIGHT Vc |ALTITUDE| PEAK, P1 | PEAK, P2 | (P2/P1) (P2/P1)
CATEGORY | cONF| 5AS | GW LB | KCAS | 1000 FT DEG/SEC | DEG/SEC % %
C L OFF | 483,000 | 145 9 23.1 FLAT 100 &0
C L | OFF|700,000| 142 12 23.7 FLAT 100 60
C TO | OFF| 684,000 | 151 1 8.7 8.0 72 60
c TO | OFF| 488,000| 126 12 12.9 9.7 75 60
C TO | OFF| 660,000| 186 10 18.3 FLAT 100 60
B CR | OFF| 705,000| 207 10 15.2 9.6 63 25
B CR | OFF| 500,000( 170 10 13.7 10.9 80 25
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Re_c]uirement

3.3.2.2.1 Additional roll rate requirement for small inputs. The value of the parameter
Posc/Puv following a rudder-pedals-free step aileron command shall be within the limits
shown on figure 4 for Levels 1 and 2. This requirement applies for step aileron control
commands up to the magnitude which causes a 60 degree bank angle change in 1.7T
seconds.

ComEgrison

The value of T, varies from 6 to 11 seconds, which implies a roll rate of 3 to 6
degrees/second for the above 60 degree bank angle. Approximately 1/3 wheel deflection
produces this roll rate. Test data performed at this condition with the SAS operative show
low roll rate oscillation which is within the Level 1 envelope. This is due to the SAS rud-
der coordination input. Tests performed with the SAS inoperative show somewhat larger
roll rate oscillation. This, too, is within the Level 1 ollowable. The magnitudes of these
oscillations are shown in figures 1 and 2 (3.3.2.2.1).

Discussion
None

Recommendation

None
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Reguiremenf

3.3.2.3 Bank angle oscillations. The value of the parameter fosc/Bay following o
rudder- pedals-free impulse aileron confrol command shall be within the limits in figure 5
for Levels 1 and 2. The impulse shall be as abrupt as practical within the strength limits
of the pilot and the rate limits of the aileron control system.

]-] | | I I 1 1 1] T T T l T T T ) 1 I
1.0F 4 -
FLIGHT PHASE
9 CATEGORY B n
.8F LEVEL 2 _
7L LEVEL 1 .
>
<< L6 -
N FLIGHT PHASE
2 =N CATEGORIES A & C N
= 4 LEVEL 2 -
2 LEVEL 1
,2
1
0 1 | 1 1 1 L1 1 | 1 1 1 1 1 1 1{ !
0 -40°  -80° -120° -160° -200° -240° -280° -320° -340°
Vg (DEG) WHEN p LEADS g BY 45° TO 225°
L 1 | 1 1 1 1 1 1 1 un 1 1 1 1 1 1 J
-180° -220° -240° -300° -340° -20° -60° -100° -140° -180°
uB(DEG)WHEN o LEADS g BY 225° THROUGH 360° TO 45°
Figure 5. Bank Angle Oscillation Limitations
ComBgrison

Data are not presented for comparison with this requirement.
Discussion
None

Recommendation

Neone
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Requirement

3.3.2.4 Sideslip excursions. Following a rudder-pedals-free step aileron control com-
mand, the ratio of the sideslip increment, A8, to the parameter k (6.2.6) shall be less
than the values specified herein. The aileron command shall be held fixed until the bank
angle has changed at least 90 degrees.

Adverse Side Proverse Sideslip
Flight Phase  (Right roll command  (Right roll command
Level Category causes right sideslip)  causes left sideslip)
1 A 6 degrees 2 degrees
B&C 10 degrees 3 degrees
2 All 15 degrees 4 degrees

ComEorison

The AB/K results are presented in figures 1 (3.3.2.4) through 4 (3.3.2.4) for con-
figurations falling within Flight Phase Categories 8 and C. One half of the Dutch roll
period has been used to obtain the AR parameter for all flight cases, since the Dutch roll
period varies from approximately é seconds to 11 seconds.

The data indicate that the C-5A airplane with the SAS off, which is applicable to
Level 2, does not meet Leve! 1 requirements and meets Level 2 requirements only above
certain airspeeds. With SAS on, which is the normal operating condition, the C-5A meets
Level 2 requirements at all airspeeds and Level 1 requirements at most airspeeds. Com-
ments in reference 2 state that the variations in sideslip do not affect roll performance
during uncoordinated rolls.

Discussion

Although the C-5A does not meet this specification at certain conditions, the sideslip
excursions are not considered undesirable. Hence, the uniform applicability of the re-
quirements to all classes of aircraft is questioned.

The definitions of AB and k as given in paragraph 6.2.6 are not clear. It has been
assumed that the A parometer referred to in 3.3.2.4 is identical to the defined param-
eter AR moax. The definition of k could be more clearly stated to precisely define k
for the various levels.

The requirement fo hold the aileron command fixed until the bank angle has changed at
least 90 degrees is unnecessary for Class |1l aircraft. The aileron command should be
held long enough to establish the parameters, (ﬂt )c mmand and A8, which depend on
the time stated in paragraphs 3.3.4 and 3.3.4.1 and on one half the Dutch roll period or
2.0 seconds, whichever is greater,
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Recommendation

[t is recommended that the definition of the parameter k in 6.2.6 be changed to read:

(a) "Applicable roll performance requirement, " () _, s the bank angle deter-
mined from 3.3.4 and 3.3.4.1 for the class, Flight Phase Category, and Level

under consideration.

(b} "Commanded roll performance, " (ﬂr) ommand?’ is the bank angle attained in
the time stated for the Class, Flight phate eqtegory, and Level under considera-
tion for a given step aileron command with rudders employed as specified in 3.3.4
and 3.3.4.1.

It is also recommended that the sentence, "The aileron command shall be held fixed un-
til the bank angle has changed at least 90 degrees,” be replaced with the following:

"The aileron command shall be held fixed for o period of time sufficient to es-
tablish the parameters A8 and wt)command (6.2.6)."
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Requirement

3.3.2.4.1 Additional sideslip requirement for small inputs. The amount of sideslip follow-
ing a rudder-pedals-free step aileron controi command shall be within the limits shown on
figure & for Levels 1 and 2. This requirement shall apply for step aileron control com-
mands up to the magnitude which causes a 60~degree bank angle change within T4 or two
seconds, whichever is longer.

16 T T T T T T T T T T 1
14k ALL FLIGHT )
PHASE
~ 12+ CATEGORIES -
o LEVEL 2
o 10k 1
- FLIGHT PHASE
< 8 CATEGORIES B & C .
i‘é LEVEL 1.
b
5 FLIGHT PHASE
a 4 CATEGORY A
LEVEL 1
2
0 L 1 | 1 1 1 1 ] ol 1 1 i 1 1 I 1 1
0 -40° -80° -120° -160° -200° -240° -300° -320° -340°
¢35 (DEG)
Figure 6. Sideslip Excursion Limitations
ComErison

Data are not presented for comparison with this requirement.
Discussion
None

Recommendation

None
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Regu irement

3.3.2.5 Control of sideslip in rolls. In the rolling maneuvers described in 3.3.4, but
with the rudder pedals used for coordination for all Classes, directional-control effective~
ness shall be adequate to maintain zero sideslip with a rudder pedal force not greater than
50 pounds for Class IV airplanes in Flight Phase Category A, level 1, and 100 pounds
for all other combinations of Class, Flight Phase Category and Level.

ComEcrison

Zero sideslip can be maintained during an abrupt, full-wheel roll with less than the
specified limit of 100 pounds of rudder pedal force. Figure 1 (3.3.2.5) presents a pilot-
coordinated abrupt roll. Pedal force to maintain zero sideslip does not exceed 40 pounds
for this particular maneuver.

Discussion

None

Recommendation

None
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Requirement

3.3.2.6 Turn coordination. It shall be possible to maintain steady coordinated turns in
either direction, using 60 degrees of bank for Class IV airplanes, 45 degrees of bank for
Class | and Il airplanes, and 30 degrees of bank for Class |1l airplanes, with a rudder
pedal force not exceeding 40 pounds. [t shall be possible to perform steady turns at the
same bank angles with rudder pedals free, with an aileron stick force not exceeding 5
pounds or an aileron whee! force not exceeding 10 pounds. These requirements constitute
levels 1 and 2 with the airplane trimmed for wings-level straight flight.

ComEurison

The C-5 meets the turn coordination specifications for @ Class Il aircraft. A steady
bank angle of 30° can be maintained with less than 40 pounds of rudder pedal force. The
same bank angle can also be maintained with rudder pedals free using a maximum aileron
wheel force of 10 pounds. Typical coordinated rolls are shown in figures 1 (3.3.2.6) and
2 (3.3.2.6) for the TO and CR configurations. Uncoordinated rolls for the TO and CR
configurations are presented in figure 3 (3.3.2.6) and 4 (3.3.2.6).

Discussion
C-5A results agree with this requirement.

Recommendations

None
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Requirement

3.3.3 Pilot-induced oscillations. There shall be no tendency for sustained or uncontrol-
lable lateral-directional oscillations resulting from effort of the pilot to control the airplane.

Comparison

No pilot-induced oscillations occur on the C-5A.
Discussion
None

Recommendation

None
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Reguirement

3.3.4 Roll control effectiveness. Roll performance in terms of bank angle change in o
given time, @, is specified in table IX and in 3.3.4.1. Aileron control commands
shall be initiated from zero roll rate in the form of abrupt inputs, with time measured from
the initiation of control-force application. Rudder pedals shall remain free for Class IV
airplanes for Level 1, and for all carrier-based airplanes in Category C Flight Phases for
Levels 1 and 2; but otherwise, rudder pedals may be used to reduce sideslip that retards
roll rate {not to produce sideslip that augments roll rate) if rudder pedal inputs are simple,
easily coordinated with aileron-control inputs, and consistent with piloting techniques for
the airplane Class and mission. Roli control shall be sufficiently effective to balance the
airplane in roll throughout the Service Flight Envelope in the atmospheric disturbances of
3.7.3 and 3.7.4,

ComEarison

Roll performance data are presented in figures 1 (3.3.4) and 2 (3.3.4) for Flight Phase
Categories B and C. In Category B, the AD configuration meets Level 2 requirements
and the CR configuration meets Level 3 requirements. In Category C, the L configura-
tion meets Level 2 requirements, and the TO configuration meets Level 3 requirements.

Discussion

The C-5A was designed to meet the specifications of CP40002. In the L configuration,
the design requirement of 1.0 second elapsed time for an 8.0 degree bank angle change at
the normal approach speed was not achieved. However, the roll acceleration available
was considered satisfactory by the Joint Test Team on the basis of the offset landing man-
euver, which was considered o practical test of lateral directional maneuver ability. The
offset landing maneuver consists of approaching the runway with a 200 foot lateral mis-
alignment on a 3 degree glideslope. At an altitude of 200 feet, the airplone is aligned
with the runway centerline prior tfo touchdown. In the CR configuration, the specifications
that pertain to time to change bank angle and time to attain peak roll rate with symmetric
thrust were not satisfied. However, lateral control capability was still considered to be
acceptable by the Joint Test Team.

From the Background Information and User Guide for Mil-F-8785B (ASG), it appears
that Requirement 3.3.4 levels have been arbitrarily selected for lack of conflicting data.
Results from the C-5A airplane demonstrate that a heavy transport airplane can have satis-
factory roll performance without meeting the Level 1 limits of Requirement 3.3.4.

In order to meet the Level 1 requirements, the lateral control system would have to be
improved to attain a higher bank angle change in the first second of roll. On an aircraft
with a very large rolling moment of inertia, this would be difficult to accomplish. In-
creasing the initial roll response of the C-5A would further aggravate the very noticeable
side kick, or lateral acceleration component, in the cockpit and troop compartment that
is experienced during full abrupt control input. The side kick occurs since the cockpit
and troop compartment are located considerably above the principal roll axis of the airplane.
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Table IX. Roll Performance Requirements

FLIGHT
PHASE
CLASS | CATEGORY LEVEL 1 LEVEL 2** LEVEL 3

A B =60°in1.3sec | B =60° in 1.7 sec | & =60° in 2.6 sec
l B % =60° in 1.7 sec | # =60° in2.5sec | B =60° in 3.4 sec
CT ' =30% in 1.3 sec B =30° in 1.8 sec ' =30° in 2.6 sec
l A g =45° in 1.4sec | B =45° in 1.9 sec | B, = 45° in 2.8 sec
1 B B =45 in1,9sec | B =45° in 2.8 sec | B = 45° in 3.8 sec
1n-L ct g =30° in 1.8 sec | B =30° in 2.5 sec g =30° in 3.6 sec
H1-C c' g, =25° in 1.0sec | B =25% in 1.5 sec | B =25° in 2.0 sec
A % =30°in 1.5sec | & =30° in 2.0 sec | & =30° in 3.0 sec
i B g =30° in 2.0 sec | £ =30° in 3.0 sec | B =30° in 4.0 sec
et oA =30° in 2.5 sec 1. =30° in 3.2 sec 2, =30° in 4.0 sec
A* B =90 in 1.3sec | B =90° in 1.7 sec | B, =90° in 2.6 sec
v B g =90°in 1.7 sec | B =90° in 2.5 sec | B =90° in 3.4 sec
¢! g =30° in 1.0sec | £ =30° in 1.3 sec | @ =30° in 2.0 sec

* Except as the requirements are modified in 3.3.4.1.

** At altitudes below 20,000 feet at the high-speed boundary of the Service Flight
Envelope, the Level 3 requirements may be substituted for the Level 2 requirements
with all systems functioning normally.

+ For takeoff, the required bank angle can be reduced proportional to the ratio of the
maximum rolling moment of inertia for the moximum authorized landing weight to the
rolling moment of inertia at takeoff, but the Leve!l 1 requirement shall not be reduced
below the listed value for Level 3.

202




Recommendations

The Class [l roll control effectiveness requirements appear to be too stringent for Class
11} airplanes. These requirements should be further investigated and reevaluated with addi-
tional Class 111 data.
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Requirement

3.3.4.1 Roll performance for Class IV airplanes. Additional or alternate roll performance
requirements are specified for Class 1V airplanes in 3.3.4.1.1 through 3.3.4.1.4, These
requirements take precedence over table 1X.

3.3.4.1.1 Air=to-air combat, For Class |V airplanes in Flight Phase CO, the roll per~

formance requirements are:

Time to roll through
90 degrees 360 degrees

a. level 1 .. ... .4¢.... 1.0second 2.8 seconds
b, level2........... 1.3 seconds 3.3 seconds
c. Level 3........... 1.7 seconds 4. 4 seconds

3.3.4.1.2 Ground attack with external stores. The roll performance requirements for
Class IV airplanes in Flight Phase GA, with large complements of external stores, may be
relaxed from those specified in table IX, subject to approval by the procuring activity.
For any external loading specified in the contract, however, the roll performance shall not
be less than:

a. level 1. ... ... ... 90 degrees in 1.7 seconds
b. Level 2. .......... 90 degrees in 2.6 seconds
c. level 3........... 90 degrees in 3.4 seconds

For any asymmetric loading specified in the contract, aileron contrel power shall be
sufficient to hold the wings level at the maximum load factors specified in 3.2.3.2 in the
atmospheric disturbances of 3.7.3.

3.3.4.1.3 Roll rate characteristics for ground attack. Class 1V airplanes in Flight Phase
GA shall be able to roll through 180 degrees in not more than twice the time to roll
through 90 degrees. This requirement specifies Level 1 with the rudder pedals remaining
free throughout the maneuver and Levels 2 and 3 with the rudder pedals employed to re-
duce sideslip in the manner described in 3.3.4,

3.3.4.1.4 Roll response. Stick-controlled Class 1V airplanes in Category A Flight
Phases shall have a roll response to aileron control force not greater than 15 degrees in 1
second per pound for Level 1, and not greater than 25 degrees in 1 second per pound
for Level 2. For Category C Flight Phases, the roll sensitivity shall be not greater than
7.5 degrees in 1 second per pound for Level 1, and not greater than 12.5 degrees in 1
second per pound for Level 2. In case of conflict between the requirements of 3.3.4.1.4
and 3.3.4.2, the requirements of 3.3.4.1.4 shall govern.

ComEQrison

Mot applicable
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Discussion

None

Recommendation

None
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Requirement

3.3.4.2 Aileron control forces. The stick or wheel force requirement to obtain the rolling
performance specified in 3.3.4 and 3.3.4.1 shall be neither greater than the maximum in
table X nor less than the breakout force plus:

a. Level 1 - one-fourth the values in table X
b. level 2 - one-eighth the values in table X

c. Level 3 - zero

Table X. Maximum Aileron Contral Force

Maximum Maximum
Flight Phase | Stick Force |[Wheel Force
Level Class Category (b} (Ib)
I, 11-C, IV A, B 20 40
C 20 20
]
-1, 1 A, B 25 50
C 25 25
L I-C, IV A, B 30 60
C 20 20
2
-1, 11l A, B 30 60
C 30 30
3 All All 35 70
Comparison

For the C-5A airplane, this requirement translates into the following:

Maximum Whee! Minimum Wheel

Level Ca tegory Force Force
1 A, B 50 18
C 25 11
2 A, B 40 13
C 30 9
3 A, B, C 70 0
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The C-5 lateral flight contro! system consists of an irreversible artificial feel system
which meets the Level 1 requirements for all Flight Phase Categories. The maximum wheel
force is approximately 20 to 25 pounds. Figure 1 (3.3.4.2) presents the control wheel
forces for the L and CR configurations.

Lateral control breakout forces obtained from ground tests and substantiated by inflight
testing complied with the CP 40002 specification allowable limit of 6.0 pounds. From
reference 2, the breakout forces are the following:

Breakout
Direction Force PACS Flaps Spoilers
RT 4.4 On o° Retracted
LT 5.4 On o° Retracted
RT 5.5 On 40° Retracted
LT 5.2 On 40° Retracted
Discussion
None

Recommendation

None
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Requirement

3.3.4.3 Linearity of roll response. There shall be no objectionable nonlinearities in the
variation of rolling response with aileron control deflection or force. Sensitivity or slug-
gishness in response to small aileron control deflections or forces shall be avoided.

Comparison

The variation of roll rate with wheel deflection was found to be essentially linear with
a slight increase in roll-rate to wheel-deflection ratio with increasing wheel deflection
for all configurations tested. Figure 1 (3.3.4.3) presents roll response for three flight
conditions.
Discussion

None

Recommendations

None
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C-SA FLIGHT TEST DATA

ELAPS VP 25° FLAPS 40° FLAPS

G.W. | 707,000.85% &667,000LRBS 709,000L8
AIRSPEED.: 209 KCAS 182 WKCAS 148 KCAS
ALTITUDE: 5300 FT 10800 FT 10900 T
SAS: OFF OFF oM
uu
40° FLAPS
20- - ’;zs" FLAPS
RoLL -
RATE“" - -
DEG/SEC
10+ FLAPS P
o
i ’ \'o ' 20 ' 3'0 ! 40 50 60

WHEEL ANGLE ~ DEAQ,

FIGURE N0.1(2.34.3) ROLL RESPONSE
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Reguirement

3.3.4.4 Wheel control throw. For airplanes with wheel controllers, the wheel throw
necessary to meet the roll performance requirements specified in 3.3.4 shall not exceed
60 degrees .in either direction. For completely mechanical systems, the requirement may
be relaxed to 80 degrees.

Com@rison

The nominal wheel deflection for full lateral control is 40 degrees. This has been con-
sidered more desirable than the 20 or 120 degrees used on earlier cargo aircraft,

Discussion

Recommendation

None
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Requirement

3.3.4.5 Rudder-pedal-induced rolls. For Levels 1 and 2, it shall be possible to raise a
wing by use of rudder pedal alone, with right rudder pedal force required for right rolls and
left rudder pedal force required for left rolls. For Level 1, with the aileron control free, it
shall be possible to produce a roll rate of 3 degrees per second with an incremental rudder
pedal force of 50 pounds or less. The specified roll rate shall be attainable from coordi~
nated turns at up to + 30 degrees bank angle with the airplane trimmed for wings-level,
zero-yaw-rate flight.

ComEOriSOn

None
Discussion
Class Il aircraft are not normally flown in this manner.

Recommendation

None
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Requirement

3.3.5 Directional control characteristics. Directional stability and control characteristics
shall enable the pilot to balance yawing moments and control yaw and sideslip. Sensitivity
to rudder pedal forces shall be sufficiently high that directional control and force require-
ments can be met and satisfactory coordination can be achieved without unduly high rudder
pedal forces, yet sufficiently low that oceasional improperly coordinated control inputs will
not seriously degrade the flying qualities.

ComEorison

The C-5A possesses sufficient directional control, with symmetric thrust, to maintain
wings-level straight flight with @ minimum of rudder or aileron control input throughout the
speed envelope for each airplane configuration. In no case did the pedal force exceed 70
pounds. The ability to generate sideslip is discussed under paragraph 3.3.6 on static
lateral-directional stability.

Discussion
MNone

Recommendations

None
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Requirement

3.3.5.1 Directional control with speed change. When initially trimmed directionally

with symmetric power, the trim changes of propeller-driven airplanes with speed shall be
such that wings-leve! straight flight can be maintained over a speed range of + 30 percent
of the trim speed or + 100 knots equivalent airspeed, whichever is less {except where limited
by boundaries of the Service Flight Envelope), with rudder pedal forces not greater than
100 pounds for Levels 1 and 2 and not greater than 180 pounds for Level 3, without re-
trimming. For other airplanes, rudder pedal forces shall not exceed 40 pounds at the spec-
ified conditions for Levels 1 and 2nor 180 pounds for Level 3.

Co mpar ison

The C-5A does not experience directional control forces introduced by speed changes.
Discussion
None

Recommendations

None
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Reguiremenf

3.3.5.1.1 Directional control with asymmetric loading. When initially trimmed direc-
tionally with each asymmetric loading specified in the contract at any speed in the Opera~
tional Flight Envelope, it shall be possible to maintain a straight flight path throughout the
Operational Flight Envelope with rudder pedal forces not greater than 100 pounds for
Levels 1 and 2 and not greater than 180 pounds for Level 3, without retrimming.

ComEurison

This requirement is not applicable to the C-5A.
Discussion
None

Recommendations

None
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Reguiremem

3.3.5.2 Directional control in wave-off (go-around). For propeller-driven Class IV and
all propeller-driven carrier based airplanes, the response to thrust, configuration, and air-
speed change shall be such that the pilot can maintain straight flight during wave-off (go-
around) initiated at speeds down to V¢ (PA) with rudder pedal forces not exceeding 100
pounds when trimmed at Y in (PA). For other airplanes, rudder pedal forces shall not
exceed 40 pounds for the specified conditions. The preceding requirements apply for
Levels 1 and 2. For all airplanes, the Level 3 requirement is to maintain straight flight
in these conditions with rudder pedal forces not exceeding 180 pounds. For all levels,
bank angles up to 5 degrees are permitted.

Comgarison

No directional control forces are introduced as the result of power charges.
Discussion
None

Recommendation

None
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Requirement

3.3.6 Llateral-directional characteristics in steady sideslips. The requirements of 3.3.6.1
through 3.3.6.3.1 and 3.3.7.1 are expressed in terms of characteristics in rudder-pedal-
induced steady, zero-yaw-rate sideslips with the airplane trimmed for wings-level straight
flight. Paragraph 3.3.6.1 through 3.3.6.2 apply at sideslip angles up to those produced
or limited by:

a. Full rudder pedal deflection, or
b. 250 pounds of rudder pedal force, or
c. Maximum aileron control or surface deflection,

except that for single-propeller-driven airplanes during wave-off (go~around), rudder pedal
deflection in the direction opposite to that required for wings—level straight flight need not
be considered beyond the deflection for a 10-degree change in sideslip from the wings-
level straight flight condition.

3.3.6.1 Yawing moments in steady sideslips. For the sideslips in 3.3.6, right rudder
pedal deflection and force shall produce left sideslips and left rudder pedal deflection and
force shall produce right sideslips. For levels 1 and 2, the following requirements shall
apply. The variation of sideslip angle with rudder pedal deflection shall be essentially
linear for sideslip angles between + 15 degrees and - 15 degrees. For larger sideslip an-
gles, an increase in rudder pedal deflection shall always be required for an increase in
sideslip. The variation of sideslip angle with rudder pedal force shall be essentially linear
for sideslip angles between + 10 degrees and - 10 degrees. Although a lightening of rud-
der pedal force is acceptable for sideslip angles outside this range, the rudder pedal force
shall never reduce to zero.

3.3.6.2 Side forces in steady sideslips. For the sideslips of 3.3.6, an increase in right
bank angle shall accompany an increase in right sideslip, and an increase in left bank an-
gle shall accompany an increase in left sideslip.

3.3.6.3 Rolling moments in steady sideslips. For the sideslips of 3.3.6, left aileron-
control deflection and force shall accompany left sideslips, and right aileron-control de-
flection and force shall accompany right sideslips. For Levels 1 and 2, the variation of
aileron-contro! deflection and force with sideslip angle shall be essentially linear.

3.3.6.3.1 Exception for wave-off (go-around). The requirement of 3.3.6.3 may, if
necessary, be excepted for wave-off (go-around) if task performance is not impaired and
no more than 50 percent of roll control power available to the pilot, and no more than 10
pounds of aileron-control force are required in a direction opposite to that specified in

3.3.6.3.

3.3.6.3.2 Positive effective dihedral limit. For Levels 1 and 2, positive effective di-
hedral (right aileron control for right sideslip and left aileron control for left sideslip) shall
never be so great that more than 75 percent of roll control power available to the pilot,
and no more than 10 pounds of aileron stick force or 20 pounds of aileron-wheel force,
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are required for sideslip angles which might be experienced in service employment.
Comparison

Static lateral-directional stability characteristics were evaluated by performing stabi-
lized sideslips of increasing magnitude to the right and left up to 15 degrees of sideslip or
to maximum control authority. Lateral control was used to obtain sufficient bank angle to
maintain a constant heading and airspeed was kept close to trim. Power remained constant
and altitude varied slightly. Tests were conducted in the CR, TO, PA, L, ADS, and D
configurations.

Static lateral-directional stability was positive and linear for all conditions tested, and
no significant change in the aircraft stability was produced by the stability augmentation
system,

Right rudder pedal position and force were required for left sideslip and, conversely,
for right sideslip. The variation of pedal force and rudder displacement with sideslip angle
was essentially linear for angles of sideslip between + 15 degrees. No rudder pedal force
reduction was encountered.

Side force characteristics were such that an increase in right bank angle accompanies
an increase in right sideslip, and the same applies to left bank angle and sideslip. The di-
hedral effect of the C-5A was positive (left aileron position and force for left sideslip,
and conversely), and no more than 75 percent of full aileron control was used in the side-
slips flown.

The C-5A meets all the static lateral-directional stability specifications. A full spec-
trum of test data is presented in reference 2. Summary data are shown in Figure 1 (3.3.6).

Discussion
The C-5A results favorably compare with this requirement.

Recommendations

None
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Reguiremenf

3.3.7 Llateral-directional control in crosswinds. It shall be possible to take off and land
with normal pilot skill and technique in 90-degree crosswinds, from either side, of veloci-
ties up to those specified in table XI. Aileron-control forces shall be within the limits
specified in 3.3.4.2, and rudder pedal forces shall not exceed 100 pounds for Level 1
nor 180 pounds for Levels 2 and 3. This requirement can normaily be met through com-
pliance with 3.3.7.1 and 3.3.7.2.

Table XI. Crosswind Velocity

Level Closs Crosswind
I 20 knots
1&2 i, i, & v 30 knots
Water-based 20 knots
Airplanes

3 All One-half the
values for

Levels 1 & 2

3.3.7.1 Final approach in crosswinds. For all airplanes except land-based airplanes
equipped with crosswind landing gear or otherwise constructed to land in a large crabbed
attitude, rudder and aileron-control power shall be adequate to develop at least 10 de-
grees of sideslip (3.3.6) in the power approach with rudder pedal forces not exceeding the
values specified in 3.3.7. For Level 1, aileron control shall not exceed either 10 pounds
of force or 75 percent of control power available to the pilot. For Levels 2 and 3, gileron-
control force shall not exceed 20 pounds,

3.3.7.2 Takeoff Run and Landing Rollout in Crosswinds. Rudder and aileron-control power,
in conjunction with other normal means of control, shall be adequate to maintain o straight
path on the ground or other landing surface. This requirement applies in calm air and in
crosswinds up to the values specified in table XI with cockpit control forces not exceeding
the values in 3.3.7.

Comparison

The C-5A is equipped with a crosswind gear to facilitate takeoffs and landings in cross-
winds. Flight test demonstrations of takeoffs and landings were conducted in crosswinds
with the gear at zero setting, at undersetting, at the recommended setting, and at an over-
setfing.

With the crosswind gear set at zero, all handling qualities during takeoffs and landings

made in crosswinds up to 29.5 knots and 26 knots, respectively, were judged satisfactory.
The wing-down crab technique and recommended threshold speeds were used in landings
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with no difficulty in control. For the takeoff at the crosswind condition of 29.5 knots
with gusts to 34 knots, a considerable amount of rudder and approximately 3/4 of full
wheel throw were required during retation, lift~off, and initial climbout. Rudder pedal
nosewheel steering provided ample conirol during these takeoffs, and no unusual handling
techniques were required.

With the crosswind gear operative, landings were performed at crosswinds up to 30
knots with no unusual characteristics experienced during the landing and rollout. The
crosswind gear system washout rate of two degrees per second at speeds below 50 KCAS
was smooth and completely sotisfactory. Tokeoffs were performed at crosswinds up to 30
knots. Using the chart values for crosswind gear setting, takeoffs from brake release
through lift-off were smooth and very satisfactory from a controllability standpoint. On
takeoffs where the gear was underset 5.0 degrees from the chart angle, approximately 2
to 3 degrees of bank angle was required to maintain a straight flight path climbout. The
automatic landing system has demonstrated a capability to eastly accommodate crosswinds
of 15 knots.

Discussion
The C-5A results support this requirement.

Recommendations

None
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Reguiremen’r

3.3.7.2.1 Cold- and wet-weather operation. The requirements of 3.3.7.2 apply on wet
runways for all airplanes and on snow-packed and icy runways for airplanes intended to
operate under such conditions. If compliance is not demonstrated under these adverse run-
way conditions, directional control shall be maintained by use of aerodynamic controls
alone at all airspeeds above 50 knots for Class 1V airplones and above 30 knots for all
others. For very slippery runways, the requirement need not apply for crosswind components
at which the force tending to blow the airplane off the runway exceeds the opposing tire-
runwary frictional force with the tires supporting all of the airplane's weight.

Comearison

Flight test data for cold and wet weather operation in crosswinds are not available,
Figure 1 (3.3.7.2.1) presents crosswind limitations on the C-5 for various runway condi-
tion readings (RCR). An RCR value of 5 corresponds to an icy runway, a value of 12
corresponds to a medium wet runway, and an RCR of 23 indicates a dry runway.

Pilot comments indicate that directional control is effective at airspeeds above 50
knots.

Discussion

Paragraph 3.3.7.2.1 requires identical crosswind capability for dry, wet, and icy
runways for all airplanes capable of operating under those conditions. Such capability
may not be necessary or desirable for aircraft which might only occasionally experience
such adverse weather conditions. Allowable crosswind components with adverse runway
conditions are often based on runway condition reading. As RCR decreases, the maximum
allowable crosswind also decreases. Whereas the requirements of 3.3.7.2.1 are quite
specific regarding magnitudes of crosswinds, they are vague concerning runway slipperi-
ness. Perhaps the procuring office should specify crosswind capability under adverse
weather conditions.

Recommendations

None
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NOTE: 1. Takeoff gross weights are based on the use of 40 percent flaps.
2. The crosswind component values are based upon non<use of landing gear
crosswind positioning.
3. Data are computed for normal procedures. Increase of rotation speed or

approach speed in accordance with T.O. 1C-5A-1-1 may allow increase
in maximum crosswind component.

Figure 1(3.3.7.2.1). C-5 Maximum Takeoff and Landing Crosswind Component
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Reﬂuirement

3.3.7.2.2 Carrier-based airplanes. All carrier-based airplanes shall be capable of main-
taining a straight path on the ground without the use of whee! brakes, at airspeeds of 30
knots and above, during takeoffs and landings in o 90-degree crosswind of at least 10 per-
cent VS (L). Cockpit control forces shall be as specified in 3.3.7,

Comparison
Not applicable.

Discussion
None

Recommendation

None
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Reguirement

3.3.7.3 Taxiing wind speed limits. It shall be possible to taxi at any angle to a 35-knot
wind for Class | airplanes and to a 45-knot wind for Class Il, 1li, and IV airplanes.

ComEurison

The C-5A engine operating limitations in crosswind and tailwind conditions, presented
in Figure 1{3.3.7.3), allow unrestricted operation in winds up to 30 knots. Reduced pow-
er settings must be observed above 30 knots; and, at 45 knots, sufficient power would not
be available to taxi the airplane.

Discussion

It appears that this flying~qualities requirement could impose an engine design penalty,
which was probably not the intent of the requirement. It is considered reasonable that the
airplane have taxi capability which exceeds the required crosswind component (30 knot) by

some margin which needs to be established on the basis of operational experience.

Recommendation

Conduct a review of the impact of this requirement on other currently operating air~
planes which employ large, high-power fan engines. Establish the taxi wind requirements
as a margin above the required crosswind component on the basis of operational experience,
if possible.
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Reguiremenf

3.3.8 Llateral-directional control in dives. Rudder and aileron control power shall be ade-
quate fo maintain wings level and sideslip zero without retrimming, throughout the dives
and pullouts of 3.2.3.5 and 3.3.3.6. In the Service Flight Envelope, aileron control
forces shall not exceed 20 pounds for propeller-driven airplanes nor 10 pounds for other
airplanes. Rudder pedal forces shall not exceed 180 pounds for propeller-driven airplanes
nor 50 pounds for other airplanes.

Comparison

Evaluation of directional control capabilities during dive tests has shown that wings-
level straight flight can be easily maintained with o minimum of rudder or aileron control
input throughout the speed envelope for each airplane configuration.

Discussion

None

Recommendations

None
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Requirement

3.3.9 Lateral-directional control with asymmetric thrust. Asymmetric loss of thrust may be
caused by many factors, including engine failure, inlet unstart, propeller failure, or pro-
peller-drive failure. Following sudden asymmetric loss of thrust from any factor, the air-
plane shall be safely controllable. The requirements of 3.3.9.1 through 3.3.9.4 apply
for the appropriate Flight Phases when any single failure or malperformance of the propul-
sive system, including inlet or exhaust, causes loss of thrust on one or more engines or pro-
pellers, considering also the effect of the failure or malperformance on all subsystems pow-
ered or driven by the failed propulsive system.

ComErison

In the takeoff configuration with the most critical outboard engine inoperative and take-
off thrust on the remaining engines, it is possible to control the aircraft and maintain it in
straight flight at all speeds above 94 KCAS (1.16Vs at 350,000 pounds) with a bank angle
not in excess of 5 degrees. During the air minimum control speed tests, the aircraft does
not attain any dangerous attitude nor does it require any exceptional piloting skill to
maintain heading.

In the P configuration with the number 1 engine inoperative and the remaining engine/
engines developing normol rated thrust, the aircraft is capable of straight flight at 1.3Vs
without the application of rudder, using only bank angle and sideslip as control.

With two critical engines inoperative, sufficient directional contrel is available to hold
steady heading with o bank angle of no more than 5 degrees while trimmed at speeds of
1.4Vs or more in the P configuration. It is also possible to make reasonable, sudden 15-
degree heading changes in either direction.

Discussion

None

Recommendations

None
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Reguiremenf

3.3.9.1 Thrust loss during takeoff run. It shall be possible for the pilot to maintain con-
trol of an airplane on the takeoff surface following sudden loss of thrust from the most criti-
cal factor. Thereafter, it shall be possible to achieve and maintain a straight path on the
takeoff surface without a deviation of more than 30 feet from the path originally intended,
with rudder pedal forces not exceeding 180 pounds. For the continued takeoff, the re-
guirement shall be met when thrust is lost at speeds from the refusal speed (based on the
shortest runway from which the airplane is designed fo operate) to the maximum takeoff
speed, with takeoff thrust maintained on the operative engine(s), using only elevator, ail-
eron, and rudder controls. For the aborted takeoff, the requirement shall be met at all
speeds below the maximum takeoff speed; however, additional controls such as nosewheel
steering and differential braking may be used. Automatic devices which normally operate
in the event of a thrust failure may be used in either case.

Comparison

The C-5A has been designed to meet a deviation of 25 feet due to a sudden loss of
thrust during takeoff.

Discussion
None

Recommendations

None
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Reguirement

3.3.9.2 Thrust loss after takeoff. During takeoff, it shall be possible without a change in
selected configuration to achieve straight flight following sudden asymmetric loss of thrust
from the most critical factor at speeds from Vi, (TO) to V. (TO), and thereafter to
maintain straight flight throughout the climb~out. The rudder pedal force required to main-
tain straight flight with asymmetric thrust shall not exceed 180 pounds. Aileron contro!
shall not exceed either the force limits specified’in 3.3.4.2 or 75 percent of available
control power, with takeoff thrust maintained on the operative engine(s) and trim at normal
settings for takeoff with symmetric thrust. Automatic devices which normally operate in

the event of a thrust failure may be used, and the airplane may be banked up to 5 degrees
away from the inoperative engine.

ComEarison

Results of the dynamic air minimum control speed tests demonstrate that straight flight
can be maintained without requiring undue pilot effort or exceptional pilot skill. Rudder
pedal force at full rudder control is approximately 120 pounds. Llateral control is less
than 75 percent of the available control power.

Discussion

None

Recommendations

None
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Requirement

3.3.9.3 Transient effects. The airplane motions following sudden asymmetric loss of
thrust shall be such that dangerous conditions can be avoided by pilot corrective action.
A realistic time delay (3.4.9) of at least one second shall be considered.

Comparison

Results from dynamic air minimum control speed tests, ground minimum control speed
tests, and cruise configuration asymmetric thrust tests indicate that no adverse effects or
dangerous motions occur following sudden asymmetric loss of thrust. The C-5A motions
after such a loss are easily controflable.
Discussion

None

Recommendations

None
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Requirement

3.3.9.4 Asymmetric thrust - rudder pedals free. The static directional stability shall be
such that all speeds above 1.4V ;,, with asymmetric loss of thrust from the most critical
factor while the other engine(s) develop normal rated thrust, the airplane with rudder pedals
free may be balanced directionally in steady straight flight. The trim settings shall be those
required for wings-level straight flight prior to the failure. Aileron-conirol forces shall not
exceed the Level 2 upper limits specified in 3.3.4.2 for Levels 1 and 2 and shall not ex-
ceed the Level 3 upper limits for Level 3.

ComEcrison

In the clean configuration with the number 1 engine inoperative and the remaining en-
gines developing normal rated thrust, the C-5A is capable of straight flight at 1.3 VSG
without application of rudder, using only bank angle and sideslip as control. Any speed
above that demonstrated is less critical from a controllability standpoint for the conditions
tested. The aileron control force required for the maneuver is about 10 pounds, much less
than the Level 1 moximum. The specification requirements are, therefore, considered
satisfied.

Discussion
None

Recommendations

None
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Reguirement

3.3.9.5 Two engines inoperative. With any engine initially failed, it shall be possible
upon failure of the most critical remaining engine to stop the transient motion at the one~
engine-out speed for maximum range and, thereafter, to maintain straight flight from that
speed to the speed for maximum range with both engines failed. In addition, it shall be
possible to effect a safe recovery at any service speed above V°min (CL) following sudden
simultaneous failure of the two critical failing engines.

Comparison

The C-5A possesses adequate handling characteristics to control the airplane following
loss of thrust from the two critical engines.

Discussion
None

Recommendations

None
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Requirement

3.4 Miscellaneous flying qualities

3.4.1 Approach to dangerous flight cenditions. Dangerous conditions may exist where the
airplane should not be flown. When appreaching these flight conditions, it shall be possible
by clearly discernible means for the pilot to recognize the impending dangers and take pre-
ventive action. Final determination of the adequacy of all warning of impending dangerous
flight conditions will be made by the procuring activity, considering functional effective-~
ness and reliability. Devices may be used to prevent entry to dangerous conditions only if
the criteria for their design, and the specific devices, are approved by the procuring
activity.

3.4.1.1 Warning and indication. Warning or indication of approach to a dangerous condi-
tion shall be clear and unambiguous. For example, a pilot must be able to distinguish read-
ily amoeng stall warning (which requires pitching down or increasing speed), Mach buffet
(which may indicate a need o decrease speed), and normal airplane vibration (which indi-
cates no need for pilot action). If @ warning or indication device is required, functional
failure of the device shall be indicated to the pilof.

3.4.1.2 Prevention. Asa minimum, dangerous~condition-prevention devices shall perform
their function whenever needed, but shall not limit flight within the Operational Flight
Envelope. Neither normal nor inadvertent operation of such devices shall create o hazard
to the aircrafi. For Levels 1 and 2, nuisance operation shall not be possible. Functional
failure of the device shall be indicated to the pilot.

ComEarison

The T-tail configuration of the C-5A provides longitudinal control capability that is
sufficient to drive the airplane to angle of attack conditions far in excess of normal stall
conditions. However, more than adequate elevator is available for recovery. The C-5A
stall is characterized by light airframe buffet, which is difficult to distinguish from light
turbulence, with no classic G-break or roll-off. For these reasons, the C-5A is equipped
with a stallimiter system which consists of a stall warning function and a stall limiting func~-
tion. The stall warning function warns of an approach to a stall condition by means of a
control column shaker. The stall limiting function provides an audible warning through the
interphone system and overhead speakers that the airplane is entering an excessive stall
penetration regime. The following description of the stallimiter system is provided not on-
ly for the purpose of satisfying the requirements of this section but also for the following
sections concerning stall warning and stall characteristics.

Stallimiter System

The stallimiter subsystem has two channels which separately operate the pilot's and
copilot's shaker and stall horn/event. Each channel is dual within itself and has its own
input sensors. Monitoring is provided by a system of comparators which can detect a dif-
ference in a pair of channels and light the stallimiter malfunction warning on the annunci-
ator panel.
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For each channel, the primary input parameters into the stallimiter computer include
angle-of-attack, Mach number, horizontal stabilizer position, engine thrust reversers,
and slat position. Output signals include preshaker, shaker, and stall event. The pre-
shaker function is introduced by a thrust reverser relay when inflight thrust reversers are
deployed. The preshaker signal activates the pilot and copilot shakers on a schedule which
is 2 degrees vane angle of attack below the cruise configuration shaker schedule.

The Mach signal from the CADC is fed through a function generator which provides the
basic shape of the stallimiter schedules presented in figure 1 (3.4.1). The angle-of-
attack signal for each channel is provided by two servo-positioned angle-of-attack vanes,
one located on each side of the forward fuselage at F.S. 610. The signals from the vanes
are averaged and scaled to convert from vane angle to angle-of-attack referenced to the
fuselage reference line (FRL) as presented in figure 2 (3.4.1). The slat position signal
operates to select the cruise or slats/flap-extended schedule in the stallimiter. When in
the slats/flaps extended configuration, the slat position signa! introduces the stall event

suppression schedule which is a function of horizontal stabilizer position as shown in
figure 1 (3.4.1).

Ground test of the stollimiter system is accomplished by a combination of built-in
test equipment (BITE) and ground operation of the stallimiter input sensors to provide shaker
and stall event output signals from the stallimiter computer.
Discussion

The C-5A stallimiter system has proven to be a safe and dependable means of providing
stall warning and stall limiting. There have been no adverse comments received from the

operational fleet. C-5A results support this requirement.

Recommendation

None
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Requirement

3.4.2 Flight at high angle of attack. The requirements of 3.4.2 through 3.4.2.2.2 con~
cern stalls, loss of control, post stall gyrations, spins and related characteristics. They ap-
ply at speeds and angles of attack which, in general, are outside the Service Flight Envelope
(although in some instances, warning is allowed to commence slightly inside that envelope).
They are intended to assure safety and the absence of mission limitations due to stall and
post-stall situations. These requirements may be met with the aid of certain special devices
only if it can be shown that appropriate aerodynamic design and mass distribution are not
feasible.

3.4.2.1 Stalls. The stall is defined in terms of airspeed and angle of ottack in 6.2.2 and
6.2.5 respectively. It usually is a phenomenon caused by airflow separation induced by
high angle of attack, but it may instead (3.1.9.2.1) be determined by some limit on un-
usable angle of attack., The stall requirements apply for all Airplane Normal States in
straight unaccelerated flight and in turns and pullups with normal acceleration up to "o

. . . . . ax.
Specifically, the Airplane Normal States, in straight unaccelerated flight and in throttf2
seftings, and trim settings of 6.2.2 shall be investigated; also, the requirements apply to
Airplane Failure States that affect stall characteristics.

ComBarison

Stall characteristics and stall performance tests were conducted on the C-5A concurrent
with stallimiter development tests. Straight and turning flight stall tests were conducted in
the landing, tokeoff/approach, alternate takeoff, descent, aerial delivery, and cruise con-
figurations throughout the operational weight-center-of-gravity and altitude envelope. Stall
tests also included slow flight demonstration, stalls with the stabilizer mistrimmed and stalls
with the stability augmentation system deactivated. A complete discussion of these results
is presented in reference 2. These data show compliance with the subject requirements in
every respect except that stall tests were not conducted at normal acceleration values up to
Qomax as specified in 3.4.2.1. Tuming flight stalls were conducted at an acceleration
value of 1.5 g's (48 degrees bank angle) in all configurations. However, during the 100
percent structural demonstration test program, a maneuver was conducted at "omax and
stall warning (shaker activation) in the cruise configuration only.

Discussion
The C-5A results favorably compare with this requirement.

Recommendation

MNone
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Requirement

3.4.2.1.1 Stall approach. The stall approach shall be-accompanied by an easily percep-
tible warning. Acceptable stall warning for all types of stalls consists of shaking of the
cockpit controls, buffeting or shaking of the airplane, or a combination of both. The onset
of this warning shall occur within the ranges specified in 3.4.2.1.1.1 and 3.4.2.1.1.2
but not within the Operational Flight Envelope. The increase in buffeting intensity with
further increase in angle of attack shall be sufficiently marked to be noted by the pilot.
The warning shall continue until angle of attack is reduced to a value less than that for
warning onset. This warning may be provided artificially only if it can be shown that naty-
ral stall warning is not feasible. At all angles of attack up to the stall, the cockpit con-
trols shall remain effective in their normal sense, and small control inputs shall not result
in complete loss of control, Prior to the stall, uncommanded oscillations shall not exceed
+ 10° bank, + 2° sideslip, + 2° pitch attitude. These requirements apply whether Vg

is os defined in 6.2.2 or as allowed in 3.1.9.2.1.
3.4.2.1.1.1 Warning speed for stalls at lg normal to the flight path. Warning onset for
stalls at Ig normal to the flight path shall occur between the following limits:
Flight Phase Minimum Speed for Onset Maximum Speed for Onset
Approach Higher of 1.05Vg or Higher of 1.10Vg or
Vg + 5 knots Vg + 10 knots
All Other Higher of 1.05V¢ or Higher of 1.10V¢ or
Vs + 5 knots Vs + 15 knots
3.4,2.1.1,2 Warning range for accelerated stalls. Onset of stall warning shall occur out-

side the Operational Flight Envelope associated with the Airplane Normal State and with
the following angle-of-attack ranges:

Minimum Angle of Attack Maximum Angle of Attack
Flight Phase for Onset for Onset
Approach ag T 0.82 log - ao) g + 0.90 (@s - ap)
All Other ag t+ 0.75 (nrs - ap) ag + 0.90 {ag - Q)

where ag is the stall angle of attack and o is the angle of attack for zero lift (vg is
defined in 6.2.5; ag may be estimated from wind tunnel tests).

Comecr ison

As stated in Section 3.4.1, stall warning for the C-5A is provided by the stallimiter
system as a function of angle of attack and Mach number for the flaps up and flaps extended
configurations. The basis for use of the stallimiter system is covered in Section 3.4.2.1.2.
The stallimiter system was optimized to provide stall warning in the form of shaking the
elevator control at approximately 1.07Vs. Figure 1(3.4.2.1.1) presents a summary of
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the clean configuration stall warning and stall test results in the form of lift coefficient
versus Mach number. These data show that stall waming occurs at approximately 1,08V

at low Mach number conditions and at approximately 1.05V¢ at the higher Mach number
conditions. Figure 2 (3.4.2.1.1) presents a summary of stall performance test results in

the form of lift coefficient versus flap position for shaker onset and for stall. These data
show that stall warning occurs at approximately 1.07V¢ for each of the flaps down configu-
rations (16 degrees through 40 degrees). These data, therefore, show that the C-5A favor-
ably compares with the requirements concerning stall warning speeds.

With respect to the requirements concerning stall warning angle of attack range, Figure
3 (3.4.2.1.1) presents Flight Test results in the form of lift coefficient versus true angle of
attack for the various configurations. Utilizing these data and Figure 4 (3.4.2.1.1), the
following angle of attack data are provided for showing compliance with paragraph
3.4.2.1.1,2.

Configuration oy aw QWMIN* UWMAX* s
Cruise -3.2 11.5 9.3 11.8 13.5
Alit, Takeoff - 6.2 15.0 14.9 16.9 19.5
Takeoff/Appr. -7.2 15.0 14.7 16.9 19.5
Land - 9.3 15.0 14.3 16.6 19.5
* PWIIN Minimum angle of attack for warning per equation in 3.4.2.1.1.2

O[WMAX - Maximum angle of attack for warning per equation in 3.4.2.1.1,2

These data, therefore, comply with the requirement of this section.
Discussion

The requirements of Section 3.4.2.1.1.2 for stall warning angle of attack range do
not specify the form of the angle of attack information. Since oy may be estimated from
wind tunnel data, it is implied that the data should be in the form of true angle of attack
in lieu of some local angle of attack. A requirement which is based on true angle of at-
tack will necessitate an accurate angle of attack calibration at conditions up to stall. Any
angle of attack calibration data that is obtained at speeds below approximately 1.2Vg is
highly questionable due to the inability to stabilize at a given rate of sink, pitch attitude
or rate of pitch and airspeed. At the best, any angle of attack calibration curve depends
a lot on engineering judgment for the range between 1.2Vg and stall. Consequently, the
final proof of compliance with a requirement such as this is highly questionable.

Recommendation

A recommendation is not necessary since, subsequent to this draft, amendment 2 of the
subject specification was issued with which we concur.
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C-5A FLIGHT TEST DATA
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C-5A FLIGHT TESY DATA
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Requirement

3.4.2.1.2 Stall characteristics. In the unaccelerated stalls of 3.4.2.1, the airplane shall
not exhibit uncontrollable rolling, yawing, or downward pitching at the stall in excess of
20 degrees for Classes 1, !l and [II, or 30 degrees for Class IV airplanes. It is desired
that no pitch-up tendencies occur in unaccelerated or accelerated stalls. In unaccelerated
stalls, mild nose-up pitch may be acceptable if no elevator control force reversal occurs
and if no dangerous, unrecoverable, or objectionable flight conditions result.

A mild nose-up tendency may be acceptable in accelerated stalls if the operational
effectiveness of the airplane is not compromised and:

a. The airplane has adequate stall waming

b. Elevator effectiveness is such that it is possible to stop the pitch-up promptly and
reduce the angle of attack, and

c. At no point during the stall, stall approach, or recovery does any portion of the
airplane exceed structural limit loads.

Comec_:rison

Straight and turning flight stal tests were conducted on the C-5A at the forward and
aft center of gravity limits, at low altitude for the flaps down configurations, and at low
and high altitude for the flaps up configurations. As stated in Section 3.4.1, operation
at high angle of attack is limited by operation of the stallimiter system. The stallimiter
system was included in the initial design per reference 4, as agreed between Lockheed
and the procuring activity.

A complete discussion of the test results, which is too lengthly for inclusion here, is
presented in reference 2. These data show that, based on operation of the stallimiter, the
C-5A stall characteristics are in complete agreement with the subject requirements.
Discussion

C-5A results support this requirement.

Recommendation

None
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Reguirement

3.4.2.1.3 Stall prevention and recovery. It shall be possible to prevent the stall by mod-
erate use of the elevator control alone at the onset of the stall warning. 1t shall be possible
to recover from a stall by simple use of the elevator, aileron, and rudder controls after o
brief delay, with reasonable forces, and to regain level flight without excessive loss of alti-
tude or buildup of speed. Throttles shall remain fixed until speed has begun to increase
when an angle of attack below the stall has been regained. In the straight-flight stalls of
3.4.2.1, with the airplane trimmed at a speed not greater than 1.4Vg and with a speed
reduction rate of at least 4.0 knots per second for Class I, [I and Il airplanes, and an
angle-of-attack rate of 2 degrees per second for Class 1V airplanes, elevator control pow-
er shall be sufficient to recover from any attainable angle of attack: that is, to preclude
inability to recover from a deep stall.

3.4.2.1.3.1 One-engine-out stalls. On multi-engine airplanes, it shall be possible to
recover safely from stalls with the critical engine inoperative. This requirement applies
with the remaining engines at up to thrust setting for level flight, but these engines may
be throttled back during recovery.

Comm rison

Evaluation of stall recovery techniques on the C-5A show that, in general, a standard
technique is adequate. The recovery is satisfactorily accomplished with a pesitive, al-
though not rapid, airplane nose down elevator control input. If recovery is initiated at
any angle up through stall event plus approximately 4.0 degrees (true «), a slow smooth
elevator application will result in a normal stall recovery.

With respect to the requirements of Section 3.4.2.1.3.1, one-engine-out stalls were
not conducted on the C-5A. However, steady-state and dynamic minimum-air control
speed tests were conducted with the number one engine inoperative and engines 2,3, and
4 developing military rated thrust. These tests were conducted at a gross weight of .
440,000 pounds and at speeds down to the stick shaker (1.07V¢). Although tests were not
conducted with an engine inoperative at speeds down to stall, the results discussed above
are considered adequate to show that there are not control problems, directionally or lat-
erally, with an engine inoperative down to the stall.

Discussion
The requirement should provide o conditional statement to the effect that the amount of
thrust employed for these tests should not exceed that which would require more than full

control to maintain wings level during approach to stall.

Recommendation

Add the following sentence fo paragraph 3.4.2.1.3.1:

"Thrust setting for these tests not to exceed 75 percent normal rated thrust or the
thrust at which the use of maximum control travel just holds the wings laterally level
in the approach to stall, whichever is lesser.”
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Requirement

3.4.2.2 Post-stall gyrations and spins. The post-stall gyration and spin requirements ap-
ply to all modes of motion that can be entered from upsets, deceleration, and extreme man-
euvers appropriate to the Class and Flight Phase Category. For Class 1V airplanes, this in-
cludes air combat, ground attack, and other tactical and training maneuvers. For Class |
and |V airplanes, entries from inverted flight shall be included. Less extreme entry condi-
tions are also included for all classes. Entry angles of attack and sideslip up to maximum
control capability and those obtained under dynamic flight conditions are to be included,
except as limited by structural considerations. For all Classes, thrust settings up to and in-
cluding MAT shall be included, with and without one critical engine inoperative at entry.
At the critical time, the elevator, aileron and rudder conirols are to be misapplied abrupt-
ly: for Class | and IV airplanes, full deflection; for Classes [l and IIl, gross deflection
changes. MIL-5-83691 contains more detailed guidance for entry conditions and tech-
niques. The requirements hold for all Airplane Normal States and for @il States of Stability
and Control Augmentation systems except approved Special Failure States. Store release
shall not be allowed during entry, spin or gyration, recovery, or subsequent dive pullout.
Automatic disengagement of augmentation systems, however, is permissible if it is necessary
and does not prevent meeting any other requirements; reengagement shall be possible in
flight. A spin/post-stall-gyration recovery system initiated by pilot action or an avtomatic
prevention device may be accepted only if it can be shown (3.4.1) that the requirements of
3.4.2.2 through 3.4.2.2.2 cannot be met by normal means and the device meets the re-
quirements of 3.4.1.2.

3.4.2,2.1 Resistance to loss of control. Nether posi-stall gyrations not spins shall be
readily attainable from the entry conditions specified in 3.4.2.2 except by prolonged gross
misapplication of controls. With the control misapplications of 3.4.2.2 held for at least
three seconds, or longer if there is no clear indication, the airplane shall exhibit no un-
commanded motion which cannot be arrested promptly by application of elevator control to
reduce the magnitude of the angle of attack (neutralizing the aileron and rudder controls

is allowed). In addition, Class | training airplanes shall be capable of a developed spin,
such that the pilot can identify the spin mode.

Comgarison

The stall development program for the C-5A did not include tests to evaluate the resis-
tance to loss of control during stall recavery. However, during the stallimiter optimization
program, stall tests were conducted at angle of attack conditions of approximately 4.0 de~
grees excess of the maximum boundary as defined by the stallimiter system. The airplane
exhibited no unusual handling characteristics at these higher angles. These data are dis-
cussed in more detail in reference 2,

Discussion
For a Class 11l airplane like the C-5A, operation at speeds down to the stall is not
frequent enough to warrant an evaluation to determine susceptibility of entering a spin.

Intentional operation at speeds down to the stall on the C-5A is made during the flight test
program and during crew training flights only, and during these phases, conirol inputs are
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planned and rather precise. Consequently, gross misapplication of the controls is not con-
sistent with flight test maneuvers or with training flight maneuvers. Instead, a requirement
relating to a reasonable angle of attack range beyond stall would be more realistic for
Class 1l and Il operation.

Recommendation

It is recommended that the requirement relative to misapplication of controls be deleted
from paragraphs 3.4.2.2 and 3.4.2.2.1 for Class 1l and Il airplanes and be replaced
with the following:

"For Class I and [l airplanes, stall characteristics (straight and turning flight)

shall be evaluated at an angle of attack range beyond the stall angle. The angle
of attack range shall be negotiated between the contractor and the procuring ac-
tivity prior to the start of the stall test program.”
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Requirement

3.4.2.2.2 Recovery from post-stall gyrations and spins. For Class | and IV airplanes, the
following requirements apply. For any loss of control that can occur with the control mis-
applications of 3.4.2.2 held for as long as 15 seconds, the start of recovery shall be ap-
parent to the pilot within three seconds, or one spin turn, of the instant he initiates recov-
ery. The proper recovery technique must be readily ascertainable by the pilot, and all
techniques must be simple and easy to apply under the motions encountered. Whatever the
mations, safe, consistent recovery and pullout shall be possible without exceeding the con-
trol forces of 3.4.5.1, and without danger of violating airplane Jimits or of excessive alti-
tude loss. A single technique shall provide recovery from all post-stall gyrations and inci-
pient spins, without tendency to develop a spin; prompt recovery is required using only the
elevator control (neutralizing the aileron and rudder controls is allowed). The same tech-
nique used to recover from post~stall gyrations and incipient spins, or at least a compatible
one, is also desired for spin recovery. For all modes of spin that can occur, recoveries
shall be attainable within:

Class Flight Phase Turns for Recovery Altitude Loss in Recovery *
| Category A, B 11/2 1000 ft.

{ PA 1 800 ft.

v Category A, B 2 5000 ft.

* Not including dive pullout

Avoidance of a spin reversal or an adverse mode change shall not depend upen precise
control timing or deflection.

Comparison

None - Not applicable to Class 11,
Discussion

None

Recommendation

MNone
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Reguiremenf

3.4.4 Roll-pitch-yaw coupling. For Class | and IV airplanes in rudder-pedal-free,
elevator-control-fixed, maximum-performance rolls through 360 degrees, entered from
straight flight or from turns, pushovers, or pullups ranging from Og to 0.8 Ni, the resuit-
ing yaw or pitch motions and sideslip or angle of attack changes shall neither exceed struc-
tural limits nor cause other dangerous flight conditions such as uncontrellable motions or
roll auto-rotation.

During combat-type maneuvers involving rolls through angles up to 360 degrees, the
yawing and pitching shall not be so severe as to impair the tactical effectiveness of the
maneuver. These requirements define Level 1 and Level 2 operation. For Class II and
Class |l airplanes, these requirements apply in rolls through 120 degrees.

Comgarison

The C-5A has successfully performed an abrupt, uncoordinated rolling pullout at 1.67g,
which constitutes a 100 percent demonstration. Other maneuvers specified in this paragraph
are not required. The C-5A has a bank angle limitation of approximately 45 degrees.
Rolls of 120 degrees specified for Class |l and Il cannot, therefore, be attained.

Discussion

This paragraph does not seem to be a definitive requirement. The inclusion of 100 per-
cent structural demonstration requirements into handling qualities requirements is somewhat
incompatible. The handling qualities demonstrations are generally performed while the air-
plane is limited to 80 percent of its structural capability.

Class Il and Il aircraft appear to be added as an afterthought. Some heavy transport
airplanes, such as the C-5, may not have the capability of rolling through 120 degrees.
Therefore, a roll of 90 degrees may be more applicable to Class 111 airplanes. Abrupt,
uncoordinated rolls from pushovers or pullups ranging from Og to 0.8 "L may not be pos-
sible for some large Class Il airplanes.

Recommendations

The entire paragraph needs to be reworded while retaining the central idea of prevent-
ing undesirable roll-pitch-yaw coupling conditions.

"For Class | and IV airplanes in rudder-pedal-free, elevator-control-fixed,
maximum-performance rolls through 360 degrees, entered from straight flight
or from turns, pushovers, or pullups ranging from Og to 0.8 M|, the resulting
yaw or pitch motions and sideslip or angle of attack changes shall not cause
dangerous flight conditions or motions. During combat-type maneuvers involv-
ing rolls through angles up to 360 degrees, the yawing and pitching shall not
be so severe as to impair the tactical effectiveness of the maneuver. These
requirements define Level 1 and Level 2 operation. For Class 1l airplanes,
these requirements apply in rolls through 120 degrees.
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For Class [l airpianes in rudder-pedal-free, elevator-control-fixed, maximum
performance rolls through 90 degrees entered from straight flight, turns, push-
overs, or pullups, the resulting yaw or pitch motions and sideslip or angle of at-
tack changes shall not cause dangerous flight conditions or motions. "
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Reguiremen’r

3.4.5 Control harmony. The elevator and aileron force and displacement sensitivities
and breakout forces shall be compatible so that intentional inputs to one control axis will
not cause inadvertent inputs to the other.

3.4.5.1 Control force coordination. The cockpit control forces required to perform man-
euvers which are normal for the airplane should have magnitudes which are related to the
pilot's capability to produce such forces in combination. The following conirol force lev-
els are considered to be limiting values compatible with the pilot's capability to apply
simultaneous forces:

Type Control Elevator Aileron Rudder

Center~5Stick 50 pounds 25 pounds 175 pounds

Wheel 75 pounds 40 pounds 175 pounds
Comparison

The overall control system of the C-5A is rated as excellent. Relative magnitudes of
elevator, rudder, and aileron forces to produce coordinated maneuvers are within the pilot's
capability and meet the requirements of paragraph 3.4.5.1. Figure 1 (3.4.5) summarizes
the results of rolling pullout maneuvers and also lateral control and maneuvering flight tests.
Rudder pedal forces are low and are not critical.

Discussion
None

Recommendations

None
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Reguiremen’r

3.4.6 Buffet. Within the boundaries of the Operational Flight Envelope, there shall be
no objectionable buffet which might detract from the effectiveness of the airplane in exe-
cuting its intended missions.

ComE rison

Buffet does not occur in any region that would affect mission effectiveness. Natural
buffet onset at high Mach numbers is shown in Figure 1 (3.4.2.1.1). It is this natural
buffet onset at high Mach numbers which somewhat defines a portion of the operational
flight envelope. At low speeds, a light natural buffet coincides with stall shaker onset.
Discussion

C-5A results compare favorably with this requirement.

Recommendations

None
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Reguirement

3.4.7 Release of stores. The intentional release of any stores shall not result in objection-
able flight characteristics for Levels 1 and 2. However, the intentional release of stores
shall never result in dangerous or intolerable flight characteristics. This requirement ap-
plies for all flight conditions and store loadings at which normal or emergency store release
is structurally permissible.

Comparison
None. Not applicable.

Discussion
None

Recommendations

None
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Reguirement

3.4.8 Effects of armament delivery and special equipment. Operation of movable parts
such as bomb bay doors, cargo doors, armament pods, refueling devices, and rescue equip-
ment, or firing of weapons, release of bombs, or delivery or pickup of cargo shall not
cause buffet, trim changes, or other characteristics which impair the tactical effectiveness
of the airplane under any pertinent flight condition. These requirements shall be met for
Levels 1 and 2.

ComEqrison

The C-5A has a mission of aerial delivery of cargo. Operation of the aft cargo doors
produces no adverse handling characteristics. Longitudinal trim changes due to opening
and closing of the aerial delivery door are light or nonexistent, requiring no more than
five pounds of elevator column force to counteract. The transient motions resulting from
single or multiple package airdrops do not reach dangerous flight conditions and are easily
controllable by normal pilot technique. A maximum of 200,000 pounds of cargo may be
dropped in packages of 50,000 pounds each. A demonstration drop of a single package
weighing 86,000 pounds has been accomplished without adversely affecting the airplane's
attitude or heading.

Discussion
None

Recommendation

None

258



Reguiremen’r

3.4.9 Transients following failures. The airplane motions following sudden airplane sys-
tem or component failures shall be such that dangerous conditions can be aveided by pilot
corrective action. A realistic time delay between the failure and initiation of pilot cor-
rective action shall be incorporated when determining compliance. This time delay should
include an interval between the occurrence of the failure and the occurrence of a cue such
as acceleration, rate, displacement, or sound that will definitely indicate to the pilot that
a failure has occurred, plus an additional interval which represents the time required for the
pilot to diagnose the situation and initiate corrective action.

3.4.10 Failures. No single failure of any component or system shall result in dangerous

or intolerable flying qualities; Special Failure States (3.1.6.2.1) are excepted. The
crew member concerned shall be provided with immediate and easily interpreted indications
whenever failures occur that require or limit any flight crew action or decision.

Comgcrison

The sudden loss of the critical engine while operating at high power has been demon-
strated during the dynamic air minimum control speed flight tests. No undue pilot efforts
or special techniques are required to control motions produced by critical engine failures.

Other failures of concern are autopilot hardovers and stabilizer runaways. The air-
craft can be stabilized in level flight up to 280 KCAS in the cruise configuration at any
c.g. position after a stabilizer runaway to the 6 degree ANU or the 2.5 degree AND
stop. In the flaps down configuration, a stabilizer runaway to the 1.8 degree aircraft
nose down stop is fully controllable at any c.g. position. Witha c.g. aft of 33 percent,
there is not sufficient longitudinal control to prevent the airplane from decelerating into
stall following a stabilizer runaway to the 12 degree ANU stop. However, since the
stabilizer travels at a rate of 0.15 degrees per second, sufficient time exists after a fail-
ure for a pilot to recognize the failure and to actuate the pitch trim disconnect. Conse-
quently, no special warning to the crew is necessary. Autopilot hardover failures have
been demonstrated during flight testing to verify that autopilot inputs following a failure
in the autopilot are incapable of causing airplane maneuver loads to be exceeded or plac-
ing the airplane in an adverse attitude. The hardover, or runaway failure, is simulated
by o voltage step input of sufficient magnitude to cause the affected autopilot surface
servo to drive at maximum rate to maximum deflection or motor stall. Normal time delay
for these tests from pilot recognition of failure to initiation of recovery is three seconds
for the CR configuration and one second for the PA and L configurations. Results of tests
on the most critical elevator axis configuration, presented in Figures 1 (3.4.10) ond 2
(3.4.10), show that airplane response is a fairly smooth change in altitude and buildup in
vertical acceleration which is easily recognized and controlled by the pilot. Vertical
acceleration values are well within the required 0 to 2.0g envelope when recovery is
deloyed by three seconds. Tests for aileron axis hardover failures at 280 KCAS and
20,000 feet altitude show that the airplane ralls smoothly to about 30 to 34 degrees of
bank when recovery is delayed by three seconds and peaks at about 39 degrees during the
recovery. Failures are easily recognized and controlled by the pilot.
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Discussion
None

Recommendation

MNone
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C-SA FLIGHT TEST DATA
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C-SA FLIGHT TEST DATA
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Reguiremenf

3.5 Characteristics of the primary flight control system

3.5.1 General characteristics. As used in this specification, the term primary flight con~
trol system includes the elevator, aileron and rudder controls, stability augmentation sys-
tems, and all mechanisms and devices that they operate. The requirements of this section
are concerned with those aspects of the primary flight control system which are directly re-
lated to flying qualities. These requirements are in addition to the requirements of the
applicable control system design specification, e.g., MIL-F-9490 or MIL-C-18244.

3.5.2 Mechanical characteristics, Some of the important mechanical characteristics of
control systems (including servo valves and actuators) are: friction and preload, lost mo-
tion, flexibility, mass imbalance and inertia, nonlinear gearing, and rate limiting. Re-
quirements for some of these characteristics are contained in 3.5.2.1 through 3.5.2.4.
Meeting these separate requirements, however, will not necessarily ensure that the overall
system will be satisfactory; the mechanical characteristics must be compatible with the
nonmechanical portions of the control system and with the airframe dynamic characteristics.

Comggr ison

None
Discussion
None

Recommendation

None
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Requirement

3.5.2.1 Control centering and breakout forces. Longitudinal, lateral, and directional
controls should exhibit positive centering in flight at any nermal trim setting. Although
absolute centering is not required, the combined effects of centering, breakout force,
stability, and force gradient shall not produce objectionable flight characteristics, such
as poor precision-tracking ability, or permit large departures from trim conditions with
controls free. Breakout forces, including friction, preload, etc., shall be within the li-
mits of table X!I. The values in table Xl| refer to the cockpit control force required to

start movement of the control surface in flight for Levels 1 and 2; the upper limits are
doubled for Level 3.

Table XIl. Allowable Breakout Forces, Pounds

Classes I, I-C, IV Classes [1-L, Iif
CONTROL : -
min max min max
Elevator Stick 1/2 3 1/2 5
Wheel 1/2 4 1/2 7
Aileron Stick 1/2 2 1/2 4
Wheel 1/2 3 1/2 6
Rudder 1 7 1 14

Measurement of breakout forces on the ground will ordinarily suffice in lieu of
actual flight measurement, provided that qualitative agreement between ground
measurement and flight observation can be established.

ComEgrison

The C-5 isa Class 11l heavy transport aircraft. The Control System breakout forces
were measured on the ground and substantiated in flight.

Elevator Push 5 lbs.
Pull 6 lbs,
Aileron 6 |bs.
Rudder Right 13 lbs.
left 10 lbs.

Discussion
None. The C-5 control systems meet the requirement.

Recommendation

1. Flight test pilots recommended a lower breakout force for the rudder system and the
resulting lower force gradient. The C-5 elevator and aileron systems are able to

264



meet the requirements by using Pilot Assist Cable Servos (PACS). The rudder system
could be required to meet less than 14 pounds and be able to meet it by using PACS.

C-5 and larger aircraft have cable systems so long that they need PACS or similar
devices. It is recommended that lower rudder breakout forces be considered since a
lower breakout and the same spring gradient will result in lower maximum forces.

The C-5 Joint Test Team used "the first significant movement of the control surface"
in flight as the breakout point since it agreed with the ground test breakout force. It
is recommended that the specification be revised to describe a specific technique to
be used for measuring breakout.
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Reguiremenr

3.5.2.2 Cockpit control free play. The free play in each cockpit control, that is, any
motion of the cockpit contro! which does not move the control surface in flight, shall not
result in objectionable flight characteristics, particularly for small-amplitude control inputs.

Com@rison

The C-5 complies with this requirement.
Discussion
None

Recommendation

Mone
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Requirement

3.5.2.3 Rate of control displacement, The ability of-the airplane to perform the opera-
tional maneuvers required of it shall not be limited in the atmospheric disturbances speci-
fied in 3.7 by control surface deflection rates. For powered or boosted controls, the

effect of engine speed and the duty cycle of both primary and secondary controls together
with the pilot control techniques shall be included when establishing compliance with this

requirement.
ComEarison
The C-5 no-load surface rates are:
Elevator 290/ sec
24°/sec
Rudder 492/59(;
49" /sec
Aileron 31°%/sec
42°/sec
Flight Spoiler 61%/sec
69°/sec

up
DOWN

L.
R.

up
DOWN

up
DOWN

The hydraulic system flow rates for the C-5 are capable of supporting maximum surface
rates at engine idle so that duty cycle pilot control techniques need not be evaluated.

Discussion
None

Recommendation

None
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Reguiremenf

3.5.2.4 Adjustable controls. When a cockpit control is adjustable for pilot physical di-
mensions or comfort, the control forces defined in 6.2 refer to the mean adjustment. A
force referred to any other adjustment shall not differ by more than 10 percent from the
force referred to the mean adjustment.

Co mparison

The C-5 rudder pedal adjust mechanism does not change the rudder pedal kinematics
or rudder pedal forces and, therefore, meets this requirement.

Discussion
None

Recommendation

None
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Reguiremeni

3.5.3 Dynamic characteristics. The response of the control surfaces in flight shall not lag
the cockpit control force inputs by more than the angles shown in table XlIl, for frequencies
equal to or less than the frequencies shown in table XIII.

Table XIIl. Allowable Control Surface Labs

Allowable Log - deg Control | Upper Frequency - rad/sec
Category A & C )} Category B Elevator Wnop
. Level [Flight Phases Flight Phases Rodder X T i/’rR Twhichever
1&2 30 45 Aileron is larger)
3 60

The lags referred to are the phase angles obtained from steady-state frequency
responses, for reasonably large~amplitude force inputs. The lags for very small
control-force amplitudes shall be small encugh that they do not interfere with
the pilot's ability to perform any precision tasks required in normal operation.

ComEGri son

No tests or analysis were performed to establish proof of compliance. The following
information was generated in ground and flight tests.

1. See Figure 1 (3.5.3) for phase lag plot for elevator. The pitch autopilot servo is
located underneath the flight station floor and, therefore, the input includes most
of the mechanical input system. The elevator system is considered to meet the re-
quirement since the plot shows phase lag is approximately 10 degrees less than the
allowable limit at ®ngp , for Categories A, B, and C as well as a low frequency
point derived from flight test data.

2. See Figure 2 (3.5.3) for phase lag plot for aileron. The roll autopilot servo is
located on the centerline of the wing rear beam, which means that a large portion
of the mechanical input system is not included. The plot shows that the Category
B requirement is met, but the Category A and C requirements are not met since
the phase plot shows 35 degrees is available for the phase lag of the mechanical
controls input system from the pilot's wheel to the wing rear beam.

3. See Figure 3 (3.5.3) for a phase lag plot of the hydraulic servo to the rudder surface.
Using the phase lag due to the mechanical portion for the elevator system as a guide
(and the elevator cable system is a longer run) the rudder system is assumed to meet
the requirement.

Discussion

Results presented here support this requirement.
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Recommendation

None
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C-SA FLIGHT TEST DATA
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C-SA FLIGHT TEST DATA
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C-5A FLIGHT TEST DATA
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Requirement

3.5.3.1 Control feel. In flight, the cockpit-control deflection shall not lead the cock-
pit-control force for any frequency or force amplitude. This requirement applies to the
elevator, aileron, and rudder controls. [n flight, the cockpit-control deflection shall not
lag the cockpit-control force by more than the angles listed in 3.5.3, for frequencies
equal to or less than those listed in 3.5.3, for reasonably large force inputs. The lags
for very small control~force amplitudes shall not interfere with the pilot's ability to per-
form precision tasks required in normal operation.

ComErTson

All frequency response tests conducted on the C-5 primary control systems show that
the aileron, rudder and elevator surfaces always lag the input. The phase lag for reason-
ably large inputs indicate that phase lags probably are close to the limits of 3.5.3 (ref-
erence Figures 1, 2, & 3 (3.5.3). The pilot is able to perform all normal operations re-
quiring small inputs.

Discussion
None

Recommendation

None
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Reguiremenr

3.5.3.2 Damping. All control system oscillations shall’be well damped unless they are
of such an amplitude, frequency, and phasing that they do not result in objectionable
oscillations of the cockpit controls or the airframe during abrupt maneuvers and during
flight in the atmospheric disturbances specified in 3.7.3 and 3.7.4,

ComErTson

All C-5 primary control systems are well domped, and there are no objectionable os-
cillations as a result of abrupt maneuvers.

Discussion
None

Recommendation

None
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Requirement

3.5.4 Augmentation systems. Normal operation of stability augmentation and control aug-
mentation systems and devices shall not introduce any objectionable flight or ground hand-
ling characteristics.

3.5.4.1 Performance of augmentation systems. Performance degradation of augmentation
systems caused by the atmospheric disturbances of 3.7.3 and 3.7.4 and by structural vi-
brations shall be considered when such systems are used.

3.5.4.2 Saturation of augmentation systems. Limits on the authority of augmentation sys-
tems or saturation of equipment shall not result in objectionable flying qualities. In parti-
cular, this requirement shall be mef during rapid large-amplitude maneuvers, during opera-
tion at high angle of attack (3.4.2 through 3.4.2.2.2), and during flight in the atmos-
pheric disturbances of 3.7.3 and 3.7.4.

Comearison

The C-5 with SAS (Stability Augmentation System) operational, under all flight con~-
ditions, has exhibited no objectionable flying qualities.

Discussion
None

Recommendation

None
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Requirement

3.5.5 Failures. If the flying qualities with any or all of the augmentation devices in-
operative are dangerous or intolerable, special provisions shall be incorporated to preciude
a critical single failure. Failure~induced transient motions and trim changes resulting
either immediately after failure or upon subsequent transfer to alternate control modes shall
be small and gradual enough that dangerous flying qualities never result.

Comparison

The C~5 can be safely flown with SAS (Stability Augmentation Subsystem) inoperative.
Pilot work load is increased with SAS "off” in both pitch and yaw/lateral systems. The
SAS is triply redundant and will automaticelly switch to the standby channel in the event
of a failure and switch "off" after a second failure. Trim changes resuiting from an SAS
failure are small and are not dangerous.

Discussion
None

Recommendation

None
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Requirement

3.5.5.1 Failure transients. With controls free, the airplane motions due to failures de~
scribed in 3.5.5 shall not exceed the following limits for at least two seconds following

the failure, as a function of the level of flying qualities after the failure transient has
subsided.

Level 1 + 0.05g normal or lateral acceleration at the pilot's station
(after failure) and 1+ 1 degree per second in roll

Level 2 + 0.05g at the pilot's station, + 5 degrees per second roll,
(after failure) and the lesser of + 5 degrees sideslip or the structural fimits
Level 3 No dangerous attitude or structural limit is reached, and no
(after failure dangerous alteration of the flight path results from which

recovery is impossible.

Comea rison

The C-5 SAS (Stability Augmentation Subsystem) is a triply redundant system that
switches automatically to a standby channe! after a failure, The time from a failure to
switchover is on the order of 60 milliseconds and, therefore, the resulting Mz change is
small. Failure tests were not conducted, but pilot comments about an SAS fai lure that
occurred during the Flight Test program indicated that no significant airplane motions
resulted.

Discussion
None

Recommendation

None

278



Reguiremenf

3.5.5.2 Trim changes due to failures. The change in control forces required to maintain
attitude and sideslip for the failures described in 3.5.5 shall not exceed the following
limits for at least five seconds following the failure.

Elevator. . . . . 20 pounds
Aiferon . . . . . 10 pounds
Rudder . . . . . 50 pounds

ComErison

Pilot force changes as a result of an SAS (Stability Augmentation Subsystem) failure
were not measured during the failure experienced in Flight Test. The estimated pilot
force change was not significant and was well below the limits stated. The limits stated
are considered to be reasonable.

Discussion

None

Recommendation

None
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Requirement

3.5.6 Transfer to alternate control modes. The transient motions and trim changes resulting
from the intentional engagement or disengagement of any portion of the primary flight con-
trol system by the pilot shall be small and gradual enough that dangerous flying qualities
never result.

3.5,6.1 Transients. With controls free, the iransients resulting from the situations describ-
ed in 3.5.6 shall not exceed the following limits for at least 2 seconds following the

transfer.

Within the Operational ~ + 0.05g normal or lateral acceleration at the pilot's
Flight Envelope station and + 1 degree per second roll

Within the Service + 0.5g at the pilot's station, + 5 degrees per second
Flight Envelope roll, and the lesser of + 5 degrees sideslip or the

structural limit
These requirements apply only for Airplane Normal States.

ComE_a_rison

Engaging the alternate control system which invelved switching off Hydraulic System
No. 2 resulted in essentially no change in trim or attitude {reference Figure 1 (3.6.3.1).

During flight test, the SAS was switched "on" many times, and the transients did not
exceed + .05g ond there was no change in roll rate or sideslip. [t is assumed that the
same changes would take place when the SAS is switched "off." Although no specific test
analysis or simulation was performed, the flight test records indicate that the C-5 meets
this requirement.

Discussion

None

Recommendation

None
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Requirement

3.5.6.2 Trim changes. The change in control forces required to maintain attitude and
sideslip for the situations described in 3.5.6 shall not exceed the following limits for at
least five seconds following the transfer.

Elevator. . . . . 20 pounds

Aileron . . . . . 10 pounds

Rudder . . . . . 50 pounds
These requirements apply only for Airplane Normal States.
Comparison

SAS was switched "on" a number of times during flight tests, and the pilot forces did
not change. It is assumed that the same results would be seen for switching SAS "off."
The C~5 meets this requirement.

Discussion

None

Recommendation

None
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Requirement

3.6 Characteristics of secondary control systems

3.6.1 Trim system. In straight flight, throughout the Operational Flight Envelope, the
trimming devices shall be capable of reducing the elevator, rudder, and aileron control
forces to zero for Levels 1 and 2. For Level 3, the untrimmed cockpit control forces shall
not exceed 10 pounds elevator, 5 pounds aileron, and 20 pounds rudder. The failures to
be considered in applying the Level 2 and 3 requirements shall include trim sticking and
runaway in either direction. It is permissible to meet the Level 2 and 3 requirements by
providing the pilot with alternate trim mechanisms or override capability. Additional re-
quirements on trim rate and authority are contained in MIL-F-2490 and MIL-F-18372.

ComEGrison

The C-5 pitch trim system is capable of maintaining zero control force except:

a) longitudinally in the cruise configuration at a forward center-of-gravity within
the weight-altitude envelope described in Figure 1 (3.6.1), and

b) longitudinally in the landing configuration with idle power at the exiremely low
speed conditions (below 1.22Vg). The inability to trim at 1.2V5 in the cruise
configuration with a forward center-of-gravity-low weight condition should not
limit the C-5A operational capability. In the landing configuration with idle
power, it was not possible to trim down to 1.2Vg; but, since the recommended
landing approach speed was 1.3Vg (where idle power trim was possible), there
should never be an operational requirement to trim the aircraft to 1.2Vs.

The pitch trim system is designed so that no single failure will result in @ runaway trim.
There are single failures that could result in loss of trim (trim sticking) so that after failure,
the failed trim position would be maintained. The pilot must use elevator to maintain con-
trol of the aircraft. In a simulated failure {at cruise trim), the pilot maintained aircraft
trim by using elevator. In this mistrim condition, the elevator required for approach was
12.5 degrees, and pilot force was 30 pounds. The C-5 rudder trim system is capable of
reducing control forces to zero for normal operation. For any trim failure, the pilot can
trim the aircraft to zero control force using the emergency control knob that inputs a sig-
nal through the SAS components to reposition the rudders.

The C-5 aileron trim system is capable of reducing control forces to zero for normal
operation. The trim system utilizes two actuators (one in each wing) so that if one fails
the remaining actuator is used for trim. Pilot force would exceed five pounds if any is
required because breakout is six pounds.

Discussion
The elevator force (10 pounds) allowed for Level 3 trim after a failure would seem to
be insufficient for the C-5 because of the change in trim required between cruise ond

approach speeds. The aileron force (5 pounds) allowed for Level 3 trim is also too low,
because the allowable breakout is six pounds. If any force at all Is required, it would
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have to be greater than breakout.

Recommendation

The allowable elevator force for Level 3 after failure should be increased for Class I}
and Class il aircroft.

The allowable aileron force for Level 3 after failure should be increased above the
allowable breakout.

The requirement as written is not clear in that trim must provide zero control force for
Levels 1 and 2, but a later sentence defines the same type failures be considered for
Leve! 2 and 3.
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Reguiremenf

3.6.1.1 Trim for asymmetric thrust. For all multi-engine airplanes, it shall be possible to
trim the elevator, rudder, and aileron control forces to zero in straight flight with up to
two engines inoperative following asymmetric loss of thrust from the most critical factors
(3.3.9). This requirement defines Level 1 in level~flight cruise at speeds from the maxi-
mum-range speed for the engine(s) out configuration to the speed obtainable with normal
rated thrust on the functioning engine(s). Systems completely dependent on the failed
engines shall also be considered failed.

ComErison

The C-5 meets the requirement as demonstrated during Category /1| test program.
Discussion
None

Recommendation

None
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Reguirement

3.6.1.2 Rate of trim operation. Trim devices shall operate rapidly enough to enable the
pilot to maintain low control forces under changing conditions normally encountered in
service, yet not so rapidly as fo cause over sensitivity or trim precision difficulties under
any conditions. Specifically, it shall be possible to trim the elevator control forces to
less than + 10 pounds for center—stick airplanes and + 20 pounds for wheel control air-
planes throughout {a) dives and ground attack maneuvers required in normal service oper-
ation, and (b) level-flight accelerations at maximum augmented thrust from 250 knots or
VR/C, whichever is less, to Yiax ot any altitude when the airplane is trimmed for level
flight prior to initiation of the maneuver.

ComEcrison

C-5 trim rates are:

Horizontal Stabilizer ~nut drive .32/sec, flaps up
.5 /sec, flaps not up

Range: 12° nose up
2.5° nose down- screw drive . 15°/sec

Aileron - IO/sec total
Range: + 10°
Rudder -1%/sec

Range: + 1°

During all normal flight operations, the trim rates were adequate without being ex-
cessive. The C-5 is considered to meet the requirement that the elevator force not ex-
ceed 20 pounds, although in retarding throttles there was a momentary average push force
of 22 pounds. Reference Figure 1 (3.6.3.1).

Discussion

None

Recommendation

During aerial delivery, @ normal operation for C-5, there is a large c.g. shift. There
should be included in this specification an item approval to momentorily exceed 20 pounds
elevator force which the aircraft is being trimmed for this change.
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Reguiremenr

3.6.1.3 Stalling of trim systems. Stalling of a trim system due to aerodynamic loads dur-
ing maneuvers shall not result in an unsafe condition. Specifically, the longitudinal trim
system shall be capable of operating during the dive recoveries of 3.2.3.6 at any attain-
able permissible n, at any possible position of the trimming device.

Comparison

The C-5 trim systems are capable of trimming the aircraft to zero force under all nor-
mal flight conditions.

Discussion
None

Recommendation

None
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Reguiremenf

3.6.1.4 Trim system irreversibility. All trimming devices shall maintain a given setting
indefinitely, unless changed by the pilot, by a special automatic interconnect such as to
the landing flaps, or by the operation of an gugmentation device. If an automatic inter-
connect or augmentation device is used in conjunction with a trim device, provision shall
be made to ensure the accurate return of the device to its initial trim position on comple~
tion of each interconnect or augmentation operation.

Comparison
All C-5 trim devices are irreversible and will maintain a given trim setting indefinitely.
Discussion

MNone

Recommendation

None
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Reguirement

3.6.2 Speed and flight-path control devices. The effectiveness and response times of the
fore-and-aft force contrels, in combination with the other longitudinal controls, shall be
sufficient to provide adequate control of flight path and airspeed at any flight condition
within the Operational Flight Envelope. This requirement may be met by use of devices such
as throttles, thrust reversers, auxiliary drag devices, and flaps.

Comparison

C-5 devices used are throtiles, thrust reversers, L.E. slats, and T.E. flaps. Flight
tests were conducted on all these devices, and the test results show that they provide ade-
quate flight path and airspeed control of the aircraft.
Discussion
None

ComEarison

None
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Reguirement

3.6.3 Transients and trim changes. The transients and steady-state trim changes for normal
operation of secondary control devices (such as throttle, flaps, slats, speed brakes, decel-
eration devices, dive recovery devices, wing sweep, and landing gear) shall not impose
excessive control forces to maintain the desired heading, altitude, attitude, rate of climb,
speed or load factor without use of the trimmer control. This requirement applies to all in-
flight configuration changes and combinations of changes made under service conditions,
including the effects of asymmetric operations such as unequal operation of landing gear,
speed brakes, slats, or flaps. In no case shall there by any objectionable buffeting or os-

cillation of such devices. More specific requirements on secondary control devices are
contained in 3.6.3.1, 3.6.4 ond 3.6.5 and in MIL-F-9490 and MIL-F-18372.

Comparison

The transients and steady=-state trim changes created by operation of such control de-
vices as throttles, flaps, landing gear and thrust reversers are negligible. Longitudinal
trim changes are tabulated in Figure 1 (3.6.3.1). The C-5A favorably compares with
this requirement,

Discussion

None

Recommendation

None
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Reguiremenf

3.6.3.1 Pitch trim changes. The pitch trim changes caused by operation of secondary
control devices shall not be so large that a peak elevator control force in excess of 10
pounds for center-stick controllers or 20 pounds for wheel controllers is required when
such configuration changes are made in flight under conditions representative of opera-
tional procedure. Generally, the conditions listed in table XIV will suffice for deter-
mination of compliance with this requirement. (For airplanes with variable-sweep wings,
additional requirements will be imposed consistent with operational employment of the
vehicle). With the airplane frimmed for each specified initial condition, the peak force
required to maintain the specified parameter constant following the specified configura~
tion change shall not exceed the stated value for a time interval of at least five seconds
following the completion of the pilot action initiating the configuration change. The
magnitude and rate of trim change subsequent to this time period shall be such that the
forces are easily trimmable by use of the normal trimming devices. These requirements
define Level 1. For Levels 2 and 3, the allowable forces are increased by 50 percent.

ComEo rison

The conditions tested and results in Figure 1 (3.6.3.1) were considered to be represen-
tative of the operation of secondary control devices. Test 10 shows a contral force of 22
pounds push, which exceeds the allowable 20 pounds.

Discussion

The 22-pound force exceeded the allowable by only 2 pounds and was only momentary.
The C-5 is considered as meeting this requirement.

Recommendation

None
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TABLE XIV, Pitch Trim Change Conditions

Iniclal Trim Condition

Flight Altitude | Specd Landing [High-1ift| Thrust | Configuration| Parsmeter

Phase Gear Devices Change to be hald
§ Wing constaat
Flaps
— .
1| Approach!h, Normal | Up Up TLF Gesr down Altitode
nin pattemm and .
antry alrspeed
speed

H up Up TLF  { Gesar down Alzirude

3 Donn Up TLF Extend high- | Altitude

tifc devices | snd .
and wing sifapeed
flaps

4 Down up TLF Extend high- | Altitude

11 £t devices
and ving
flaps

s ¥ Down Bown TLF Idle thrust Alrspeed

[ v, Down Downy TLF Extend Arspeed

ain approach drag
device

7 Down Devm TLF Takeoff Airspeed

thruse

8 | Appraach A Down Down TLF Takeoff Alrspeed

min thruse plus
noreal clesnm-
up for wave-
off {go-
around)

9 | Takeoff Down Tuke-off | Take- | Gear up Pitch
off sttitode
thrusc

10 Mininum| Up Take-off | Take- Retract high- | Alrspeed

flap- off 1ife devices
Tetract cthrust | and wing
L, v speed flaps
11 Cruise h° Speod up up HRT idie thrust Pitch
and min for attitude
sir-to- level
air ;“d flighe
combat L

12 Up Up MRT Actuate de-

celeration
device

13 up Up MatT Maximum

augpentad
} thrust

14 Speed Up up TLF ] Actuate de-

for best celeration
Y trange device

.Thto:tle setting may be changed during the mancuver

Notes: - Auxlliary drag devices are initially retracted, and all details of
configuration not specifically mentioned are normal far the Flight Phase,

= If power Teduction §s permitted in macting the decelevation requirenants

e¢stabilished for the mission, actuatien of the decelevation devics in
¥52 and #14 shall be wccompanied by the allowable power reductlon.
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Reguiremenf

3.6.4 Auxiliary dive recovery devices. Operation of any auxiliary device intended
solely for dive recovery shall always produce a positive increment of normal acceleration,
but the total normal load factor shall never exceed 0.8 N1, control free.

Commrison

The C-5 has no auxiliary dive devices.
Discussion
None

Recommendation

None
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Requirement

3.6.5 Direct normal-force control. Use of devices for direct normal-force control shall
not produce objectionable changes in attitude for any amount of control up to the maximum
available. This requirement shall be met for Levels 1 and 2.

ComErison

The Ground Spoiler System is used to increase aircraft weight on the landing gear and
make the brakes more effective at landing. No objectionable attitude changes have been
experienced.

Discussion

None

Recommendation

None
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Regu irements

3.7 Atmospheric dusturbances

3.7.1 Use of turbulence models. Paragraphs 3.7.2 tnrough 3.7.5 specify a continuous
random turbulence model and a discrete turbulence model that shall be used in analyses to
determine compliance with those requirements of this specification that refer to 3.7 ex-
plicitly, to assess:

a. The effect of turbulence on the flying qualities of the airplane;
b. The ability of a pilot to recover from the effects of discrete gusts,

ComEQrison

Specific analytical studies pertaining to C-5A flying qualities in turbulence using the
methods defined in paragraph 3.7 were not performed. A major dynamic analysis was
performed in the design phase, however, with the effort tailored to the response of struc-
tural components in turbulence. This analysis, performed as an outgrowth of MiL-A-00-
8861A, "Airplane Strength and Rigidity, Flight Loads, " reflected linearized airplane
flying qualities in turbulence. Though this analysis did not completely evaluate control-
lability, the basic airplane response appeared satisfactory. In the course of fixed and
moving base flight simulator tests random turbulence and discrete gust functions were gener-
ated to evaluate airplane/pilot combinations. These simulator tests, which incorporated
only a quasi-flexible airplane model, showed the C-5A to have reasonable handling
characteristics in turbulence.

Since no significant problems were discovered in the early design phase, no extensive
effort was performed; and, hence, no large amount of documentation exists at this time.

“Early in the development test program, it was demonstrated that the C-5A exhibited
no undesirable handling qualities in the light turbulence.

Following completion of the 100 percent structural demonstration program, dynamic
response tests were conducted on the C-5A in moderate to heavy turbulence. Dynamic
response tests were also conducted during the ALDCS development test program. These
tests were conducted to determine primarily the response of structural components in tur-
bulence, with pilot work load and controllability data as secondary. These data are too
voluminous for inclusion here, although the results show good airplane control with low
pilot work load in gusts conditions up to 33 feet per second. Analyses of the flight test
results are presented in references 5 and 6.

Discussion
None

Recommendation

None
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Reguiremenr

3.7.2 Turbulence models. Where feasible, the von Karman form shall be used for the
continuous random turbulence model, so that the flying qualities analyses will be consistent
with the comparable structural analyses. When no comparable structural analysis is per-
formed or when it is not feasible to use the von Karman form, use of the Dryden form will
be permissible. In general, both the continuous random model and the discrete mode!

shall be used. The scales and intensities used in determining the gust magnitudes for the
discrete model shall be the some as those used in the Dryden continuous random model.

ComErison

None
Discussion
None

Recommendations

None
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Reguiremenf

3.7.2.1 Continuous random model (von Karman form). The von Karman form of the spec-

tra for the turbulence velocities is: 21
1
p Q) =0 ==
LN FIEEC i e
L1 +80.330L 0)
s () = 02 v 3 v2 =
Yy v [1 ¥ I.339LVQ)] /6
, L + 81,3301 o
2, @ = == . il
Yoo [ ouae of]Ve
3.7.2.2 Continuous random model (Dryden form) The Dryden form of the spectra for the
turbulence velocities is:
2L
_ 27y 1
g () = c, T 5
g 1 +{L Q)
v
L1 +3L g’
_ 2 vy v
@v () = Ty 212
] [+ o]
v
2L 1 +3(L o
¢ Q) =¢ w w
w w 2
8 m [1 + (L n)z:l
w
Comparison
MNone
Discussion
None

Recommendation

None
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Requirement

3.7.2.3 Discrete model. The discrete turbulence model may be used for any of the three

gust-velocity components. The discrete gust has the "l - cosine" shape:
v=20 , x <0
v
= 0 ~ cosIX) , Ong2dm
m
=0 , x> 2d
m

FT/SEC

o o

0 d DISTANCE X FT

Several values of d,, shall be used, each chosen so that the gust is tuned to each of
the natural frequencies of the airplane and its flight control system (higher-frequencies of
the airplane and its flight control system (higher-frequency structural modes may be ex~
cepted}). The magnitude vy, shall then be chosen from Figure 7. The parameters L and
o to be used within Figure 7 are the Dryden scales and intensities from 3.7.3 or 3.7.4
for the velocity component under consideration.

Comparison
None
Discussion

None

Recommendation

None
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Reguirement

3.7.3 3cales and intensities {clear air turbulence). The root-mean-square intensity ¢
for clear air turbulence is defined on Figure 8 as a function of altitude. The intensities
o, and o, may be obtained using the relationships

2 2 2
cl-U O-V GW ( K )
= = von Karman form
L2/3 L2/3 L 2/3
u v W
2 2 2
c o, =9,
L = —_ (Dryden form)
L L L
u v w

The scales for clear air turbulence are defined in 3.7.3.1 and 3.7.3.2 as o function
of ailtitude. The altitude shall be defined consistently with any applicable terrain models
specified in the contract. For those flight phases involving climbs and descents, a single
set of scales and intensities based on an average altitude may be used. If an average set
of scales and intensities is used for Category C Flight Phases, it shall be based on an alti-
tude of 500 feet.

3.7.3.1 Clear air turbulence (von Karman scales). The scales for clear air turbulence
using the von Karman form are:

Above h = 2500 feet: Lu
Below h = 2500 feet: Lw

L
u

L =L = 2500 feet
v w

h feet

L =184 h]
v

i

/3

feet

3.7.3.2 Clear air turbulence {Dryden scales). The scales for clear air turbulence using
the Dryden form are:

Above h = 1750 feet: Lu = Lv = Lw = 1750 feet
Below h = 1750 feet: L =h feet
W 1/3
L =L =145h feet
U v

3.7.4 Scales and intensities (thunderstorm turbulence). The root-mean-square intensities
a,r o, and are all equal to 21 feet per second for thunderstorm turbulence. The
scales for thunderstorm turbulence are defined in 3.7.4.1 and 3.7.4.2. These values are
to be used when evaluating the airplane's controllability in severe turbulence but need
not be considered for altitudes above 40,000 feet.

3.7.4.1 Thunderstorm turbulence (von Karman scale). The scales for thunderstorm turbu-
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lence using the von Karman form are LU = Lv = Lw = 2500 feet.

3.7.4.2 Thunderstorm turbulence (Dryden scales). The scales for thunderstorm turbulence
using the Dryden form are LlJ = L\'r = Lw = 1750 feet.

ComEar ison

None
Discussion
Zsbsion
None

Recommendation

None
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3.7.5 Application of the turbulence models in analyses. The gust velocities shall be ap-
plied to the airplane equations of motion through the aerodynamic terms only, and the di-
rect effect of the gust on the aerodynamic sensors shall be included when such sensors are
part of the airplane augmentation system. When using the discrete model, all significant
aspects of the penetration of the gust by the airplane shall be incorporated in the analyses.
Application of the continuous random model depends on the range of frequencies of concern
in the analyses of the airframe. When structural modes are significant, the exact distribu~
tion of the gust velocities over the airframe should be considered. For this purpose, it is
acceptable to consider u, and v_ as being one-dimensional functions only of x, but w
shall be considered two-dslmensiongl, a function of both x and vy, for the evaluation of
aerodynamic forces and moments.

When structural modes are not significant, airframe rigid-body responses may be evalu-
ated by considering uniform gust immersion along with linear gradients of the gust veloci-
ties. The uniform immersion is accounted for by Vgr Vg and w_ defined at the air-
plane center of gravity. The angular velocities due to tﬁe turbulence are equivalent in
effect to the airplane angular velocities. These angular velocities are defined {precisely
at very low frequencies only) as follows:

AW
p =-—4
g ay
. aw
- - =
% 9 ax
av
V -
g Pab s
o 0.8-2'5;
, (n)-L‘” 5
© (R
T
2
_ Q
I (9)] 7Y @W(n)
d ?Q )

2 Q) = st 7 % () where b = wing span
g 1 + -TTQ g

The turbulence velocities v, , Vgr ¥g- Pg » 9. and "g are then applied to the air-
plane equations of motion through the aerodynamic terms. For longitudinal analyses, Yg,
Wg . and 9 gusts should be employed. For lateral-directional analyses Vg, Pg, and
g should be used. The gust velocity components, Yg, Vg, and Wg shall be considered
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mutually independent (uncorrelated) in a statistical sense. However, 9y is correlated
with Wg, and fg is carrelated with Vg. The rolling velocity gust Py is statistically
independent of all the other gust components.

Comerison
None
Discussion
None

Recommendation

None
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4. QUALITY ASSURANCE
This section of the specification has been reviewed and is considered satisfactory.

5. PREPARATION FOR DELIVERY

Since this section is not applicable to this specification, it is suggested that it be
deleted.

6. NOTES

This section of the specification has been reviewed and is considered satisfactory.
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SECTION IV
CONCLUSIONS AND RECOMMENDATIONS

The results of comparing the C-5A airplane flying qualities with the requirements of
this specification yield the following conclusions and recommendations.

CONCLUSIONS

1. The specification represents a substantial improvement over specifications with respect
to requirement definition, format and overall clarity.

2. Generally, the C-5A data compare favorably with the specification except in certain
sections where the requirements appear to have been based primarily on medium and
light weight airplane data.

3. Based on the C-5A data, the following sections of the specification are far too sirin-
gent for Class [l airplanes.

3.3.1.2 - Roll mode (rg)
3.3.2.4 - Sideslip excursions

3.3.4 - Roll control effectiveness

RECOMMENDATIONS

1. Additional data from Class 1[I heavy aircraft be gathered to substantiate or revise
the requirements in the following sections.
3.2.1.2  Phugoid stability
3.2.2.1  Short period response
3.2.2.2.1 Control forces in maneuvering flight
3.3.1.1  Lateral directional oscillations (Dutch roll)
3.3.1.2  Roll mode (TR)
3.3.2.4 Sideslip excursions
3.3.4 Roll control effectiveness

3.4.2.2.1 Resistance to loss of control
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INDEX OF RECOMMENDATIONS

The following lists the paragraphs of the specification, indicating by page number
where recommendations have been made. The most significant recommendations are morked
by an asterisk. '

PARAGRAPH PAGE
NUMBER PARAGRAPH TITLE NUMBER
3.1.1 Operational missions 38
3.2.1.1 Longitudinal static stability 78
3.2,1.2 * Phugoid stability 89
3.2.1.3 Flight path stability 93
3.2.2.1.2 * Short period damping 926
3.2.2.2.1 *Control forces in maneuvering flight 117
3.2.3.2 Longitudinal control in maneuvering flight 134
3.2.3.3 Longitudinal control in takeoff 137
3.2.3.5 Longitudinal control forces in dives - service flight

envelope 152
3.2.3.6 Longitudinal control forces in dives - permissible

flight envelope 156
3.3.1.1 * Lateral-directional oscillations (Dutch roll) 159
3.3.1.2 *Roll mode 171
3.3.2.2 Roll rate oscillations 180
3.3.2.4 * Sideslip excursions 186
3.3.4 *Roll control Effectiveness 201
3.3.7.3 Taxiing wind speed limits 227
3.4.2.1.3 Stall prevention and recovery 248
3.4.2.2.1 * Resistance to loss of control 249
3.4.4 * Roll-pitch-yaw coupling 252
3.5.2.1 Control centering and breakout forces 264
3.6.1 Trim system 282
3.6.1.2 Rate of trim operation 286
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