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DISCLAIMERS

The findings in this report are not to be construed as an official Depart-
ment of the Army position unless so designated by other authorized
documents.

When Government drawings, specifications, or other data are used for
ary purpose other than in connection with a definitely related Government
procurement operation, the United States Government thereby incurs no
responsibility nor any obligation whatsoever; and the fact that the
Government may have formulated, furnished, or in any way supplied the
said drawings, specifications, or other data. is not to be regarded by
implication or otherwise as in any manner licensing the holder or any
other person or corporation, or conveying any rights or permission, to
manufacture, use, or sell any patented invention that may in any way be
related thereto.

Trade names cited in this report do not constitute an official endorsement
or approval of the use of such commercial hardware or software.
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FEEPARTMENT OF THE ARMY

U. S. ARMY AIR MOBILITY RESEARCH & DEVELOPMENT LABORATORY

EUSTIS DIREC1ORATE
FORT EUSTIS. VIRGINIA 23604

This report was prepared by Sikorsky Aircraft, 'Pivisi~n

of United Aircraft Corporation, under the terms of Contract
IDAAJ02-70-C-0021. It consists of a discussion of the method

used to simulate externally slung helicopter loads, a
reduction to graph form of the data generated by this
simulation, and a method for detert'ining design criteria
from these data for aircraft hardpoints, load lift points,
and slings.

The object of this effort was tc quantify the maximum load
factors which are developed in hardpoints, lift points, and

".k slings during various maneuvers to which the helicooter-slung

load system could be subjected during any given flioht, and
to use these data to develop design criteria for this hardware.

In general, it can be stated that the method developed is a

reasornabie approach to formulating useful design criteria.

"- - The conclusions contained herein are concurred in by this

r Directorate.

The technical monitor for this contract was J. Everette Forehand,
Aircraft Subsystems and Equipment Division.
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ABSTRACT

SThe purpcses of this study were to determine the dynamic effects of a hell-1+ copter-external load combination as the system is flown throughout a range
of flight maneuvers, and to establish design criteria for sling members and
hardpoints of the system. Typical slings and sling arrangements were se-
lected, and representative external loads were established under the scope
of the contract. A computerized hybrid simulatior of the coupled motion of
a CH-5DA helicopter and the external -oads was conducted in real time with
a pilot in the loop on both a fixed-base simulator and a moving-base simula-
tor. Load factors in thn sling elements and at helicopter and load hard-
points relating to the dynamic effects of the combined system were deter-
mined and are presented in this report.

The results of this study indicate that the dynamic load factors produced
in sling elements and at hardpoints during a maneuver often exceed the
normal load factor developed by the helicopter during the maneuver. In
some cases the load factors in the sling elements and at the hardpoints
exceed the design limit load factor of the helicopter. It was also found
that during a given maneuver, the peak values of sling and hardpoint load
factors did not necessarily occur at the same time that the helicopter de-
veloped its peak normal load factor value.

The load factor data from the simulation were used in establishing sling
and hardpoint design criteria. The design criteria are presented as
functions of the helicopter design load factor for each of the various
slung load types and sling configurations studied. The load factor data,
and therefore the eventual design criteria, proved to be greatly influenced
by the type of slinging configuration used and the density of the load. It
was also found that the geometry of the sling is an important parameter in
determini'ng the maximum forces developed in sling members and at hardpoints.
For this reason, the design criteria established in this study pertain
directly to the specific slung load configurations which were modeled in
the simulation. The design criteria must include a geometry effect calcu-
lation befcre they are used as universal criteria which would be applicable
to any slinging arrangement.

I
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BACKGROUND

In helicopter movement cf cargo as an externally suspended load, problems
have been encountered with suspension subsystems and their components that
adversely affect the safety, efficiency and effectiveness of this mode of
support mobility. Recognizing the importance of this problem, the U. S.
Army held a meeting in 1968 at which service agencies and industry personnel

met to set a standard for rating sling strengths, The discussions at thisI meeting emphasized the depth of the problem. At this meeting, Sikorsky

Aircraft outlined a proposed program for the establishment of design cri-

teria for slings, aircraft hardpoints, and load suspension points.

Such a program was undertaken by Eustis Directorate in three phases. The
* |first phase, which constitutes the work of this contract, was to determine

the load factors due to dynamic and aerodynamic forces in flight for various
sling arrangements and slung loads. The second phase, being performed con-
currently by the U. S. Army Air Mobility Research and Development Laboratory.
was to investigate the functional factors that affect the properties of
materials suitable for use in helicopter sling design. This program
measure: the effects of attachment methiods, environmental conditions, re-
peated loadings, and other related parameters in order to establish design

criterf.a. The third phase, ,hich will be performed during 1971 by Sikorsky
Aircraft under Contract DAAJ02-71-C-001l, is intended to combine the results
of the first two efforts and produce a design guide for helicopter slings,
load suspension points, and aircraft has-dpoints. The design guide will
contain design techniques and procedures for each of the system segments
suitable for use by design engineers concerned with the design of external
load suspension systems on helicopters.

In order to establish valid design criteria for helicopter slings, load
suspension points and aircraft hardpoints, it is necessary to establish
the load factors due to dynamic and aerodynamic forces in flight. Prior
to this program, the flight load factors used in sling design were the
same as the designed flight load factors of the aircraft. Thus, if a heli-
copter were designed to withstand 2.5g flight loads, then the slings were
also designed with this factor. Repeated sling failures led to speculation
that the actual load factors on the load were higher than those on the
aircraft. This study determines the actual load factors on the aircraft
and on the slung load due to dynamic and aerodynamic forces in flight. The

1 - study will show that the helicopter studied, designed for 2.5g flight loads,
never develops g forces greater than 2 even in violent maneuvers and that
the actual load factor on the slung load is in excess of the nominal 2.5g
design load factor. The method of determining these actual load factors
for a variety of loads and sling arrangements in a variety of maneuvers
is described in detail in this report.

In September 1970 the contract was amended to cover an examination of a
limited number of representative cases on tne moving-base simulator. The
significance of motion cues in performing these few maneuvers was assessed,
and their importance on the design criteria has been investigated in this

report.



TECHIICAL APPROACH

LOADS

Sikorsky Aircraft has established representative external loads and typical

sling and sling arrangements used for the work performed under this contract.
Slings and sling arrangements include both single and multipoint suspended
loads. For each arrangement, various types of sling loads are considered

to account for inertia variations and aerodynamic lift and drag effects on
the slung bodies in flight.

Load lnes

The load types investigated cover the range of loads which can be carried
as external helicopter loads without creating or encountering severe

stabilizy problems. They are grouped into four basic types.

"Y"poe I: fHigh density loads; WL/A > 250 lb/ft2

Type II: Medium density loads; 2-50 lb/ft > WL/A > 50 lb/ft

Type III: Low density loads; WL/A < 5C lb/ft2

Type IV: Aircrafta

W is the weight of the load and A repreqents the maximum frontal area
tke load can have in an attitude 'wch might be expected during flight.
Types I, IH, and III represent relatively bluff bodies which are stable or
can be stabilized easily by artificial means such as drogue chutes. Loads
which are highly unstable or whose aerodynamic characteristics are very
sensitive to orientation are not included in this study. Aircraft have
been treated as a distinct type because of the1ir inherent aerodynamic sur-
faces and because of the tactical and economic importance of aircraft
recovery as a helicopter mission.

Suspension Systems

The suspension systems considered in this program are of two basic types:
single point and multipoint. The true sling angle is the angle between the
sling leg and a vertical line, and is measured in the plane defined by the
sling leg and the vertical line. Since the views of the helicopter and

loads b'-:-c'r on Figures 2 through 7 are not parallel to this plane, the true
angles are not presented pictorially.

Single-Point Suspension

in a single-point suspension, the load is attached to the aircraft at
one point only. This is generally the main cargo hook of the aircraft.
The sling is the device that attaches the load to the main cargo hook
of the aircraft. In this program, three basic sling types are con-
sidered: the single-legged sling, the three-legged bridle and the

2



Ii four-legged bridle. The material chosen for single-point suspension
fuslings is nylones were se tebbeng is described in etL-iW-m088F,
Table II, as Type XXVI, with a width of l-3/h + 1/16 inches and a
thickness of .150 to.!80 inches. The lengths of the three-legged and• • •four-legged bridles were set e. 19 feet because this length fits most

I external loads in military inventory and because it provides a spring
rate for the total sling which prevents objectionable vertical bounce.

1. The Single-Legged Sling: The single-legged sling (pendant) is
the simplest arrangement. One end of the single-legged sling
has a loop or donut which engages the aircraft cargo hook; the
other end iisually has a swivelling hook which engages an eye
or shackle on the load. In this program, a 15,000-pound solid
concrete block is suspended from a single-legged sling (seeFigure 1).

2. The Three-Legged Bridle: The three-legged bridle is generally
used to carry aircraft or other loads which because of their
shape and hardpoint locations are best suspended from threej points. A four-legged sling may be used with two legs going
to the same point, making it essentially a three-legged sling,Ipoithelgs. fusuallterme sinat • e inchise orthok tor otersgo
The apex of the three legs is a donut or a shackle which en-
gages the aircraft cargo hook or pendant. The ends of t-e

Ithree legs usually terminate in chains or hooks or other
hardware which engages the three lifting points on the load.

i -In this program, a fixed-wing aircraft weighing approximately
12,000 pounds is suspended from a three-legged sling (see
Figure 2).

t

3. The Four-Legged Sling: The four-legged sling is the most
common in current usage. It is used to carry containers,
almost all vehicle,, some aircraft and special equipment.
The three-dimensional geometry of most loads is such that
four lifting points are desirable. The apex of the feur
legs is a donut or shackle which erngages the aircraft cargo
hook or pendant. The four legs usually terminate in chains
or hook other hardware which engages the lifting points on
the load. In this program, five loads were suspended from
a four-legged sling:

a. An empty 8x8x20 foot container representing a Type III
load, illustrated in Figure 3.

b. An 8x8x20 foot container at 15,000 pounds gross weight
with cg forward, aft, and at the center, representing
a Type II load.

c. An 8x8x20 foot container at 15,000 gross weight with a
forward cg and one sling leg failed.

d. A 15,000-pound solid concrete block, representing a
Type I load, illustrated in Figure 4.

S~3
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Figure 1. Single-Legged Sling Suspension of a
15,000-Pound Solid Concrete Block.

(Note: Dimnensions in inches urnless otherwise noted)

201 -28

TRUE SLING LEG

ANGLE 12*5'
Figure 2. Three-Legged Br.AIdle Suspension of a

12,000-Pound Fixed Wing Aircraft.

(Note: Dimensions in inches unless otherwise noted)
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1 ~31&.5
22I TRUE SLING LEG

_________ANGLE 34*32

Figure 3. Single Point Suspension of 8x8x20 Foot
Container From a Four-Legged Sling -

WOo Pound.

(Note: Dimensions in inches unless otherwise noted)

346 228
3546 TRUE SLING LEG

I - ANGLE 1336"

Figure 1. Single-Point Suspension of a 15,000-
Pound Solid Concrete Block From a
Four-Legged Sling.

(Note: Dimensions in inches unless otherwise noted)
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TRUE SLING LEG TRUE SLING LEG

ANGLE 48' 31' ANGLE 5917'
Figure 5. Single-Point Suspension of a 13,000-

Pound Helicopter From a Four-Legged

Sling

(Note: :..mensions in inches unless otherwise noted)

Z106.2

TRUE SLING ANGLE
16° 17'

Figure 6. Multipoint Suspension of an

8x8x20 Foot Container.

(Note: Dimensions in inches unless otherwise noted)
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e. A 13,000-pound helicopter representing a Type IV load,
illustrated in Figure 5.

Multipoint Suspension

The four-point suspension system found on the CH-54A and the CH-54B
aircraft is used to carry loads close to the aircraft and provides a
greater degree of load restraint and stability than does the single-
point system. In this program, two different loads are suspended bySthe four-point suspension system under a variety :ýf conditions:Q

1. An 8x8x20 foot container at 15,000 pounds gross weight vith the
cg forward, on center, and aft representing a Type II load,
illustrated in Figure 6.

2. An 8x8x20 foot container at 15,000 pounds gross weight with a
forward cg and one failed cable. J

S3. A pallet load with six suspension points on the pallet at a gross
weight of 15,000 pounds with cg forward, on center, and aft repre-
senting a Type II load, illustrated in Figure 7.

Load Classification

The loads described in the preceding paragraphs were used in this study
Sfor the determination of flight load factors and are representative of

the many vehicles, pieces of equipment and supplies that constitute
military external helicopter loads. Specific vehicles and items of
equipment are classified by name, load type and weight and are grouped
by general type for convenience. The list appears in Appendix I.

Vertical Bounce

For this study, it is assumed that the helicopter, together with its
suspended load, is free from objectionable vertical bounce, and that
the characteristics of the slings will not accentuate this phenomenon
nor will the loads on the slings be significantly increased by it.
This assumption is justified for the CH-5414 and the CH-514B as load
isolators (or decouplers) are used to effectively eliminate the prob-
lem. Included as Appendix II is a reprint of Appendix 4 entitled
"Design Criteria and Analysis for the Prevention of Vertical Bounce"
published as part of Technical Report 68-2, entitled Aerial Recovery
Kit, Concept Formulation Study, U. S. Army Aviation Materiel Command,
St. Louis, Missouri, June 1968, AD 673102.

The sling and bridle geometry was selected to achieve a spring constant
which removes the natural fiequency of the suspension/load system from
the forcing frequencies found in helicopters.

METHOD OF SOLUTION

A computerized simulation of the coupled motion of the CH-54A helicopter

7
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139.7 106.8

TRUE SLING LEG TRUE SLING LEG
ANGLE 4306' ANGLE 17"19'

k A

Figure 7. Multipoint Suspension of
a Pallet Load.

(Note: Dimensions in inches unless otherwise noted)
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with each external load was conducted using a hybrid computer system to
solve the coupled equations of motion for the helicopter and the slung load.
The hybrid computer system consists of a general-purpose digital computer,
the Digital Equipment Corporation PDP-6, with an interactive console for
on-line computing and recording of data. For real time fixed-base runs, a
full-scale Sikorsky S-61 helicopter cockpit with a Norden Contact Analog
display system is also used. Digital-to-analog convex Gers and analog-to-
digital converters relay information back and forth between the cockpit
(rig) and the PDP-6. If the motion system is employed, the same rig has
moving-base capabilities, and the calculations which determine the motion
cues which are to be relayed to the rig are carried out on an analog
computer. See Figure 8.

The actual solution of the equations describing the motion of the helicopter
and the external load is done by the PDP-6 computer. The simulation of the
CH-54A used in this study was done by the General Helicopter Simulation

Program (GOSP). This is a program developed at Sikorsky Aircraft for simu-
lazing continuous flight of a single-rotor helicopter. The degrees of
freedom in GHSP include six spatial degrees of freedom, as well as blade
flapping and variable rotor speed. There are no small angle limitations or
small disturbance about a trim point restriction in GHSP. In the program,
the rotor is not restricted to low advance ratios, small Mach numbers, or
small blade angles of attack.

GHSP i'; arranged so that equations are solved repetitively, and the calcu-
lated data are updated at the end of every cycle. Effectively, the calcu-
lation cycle begins with initial or previously calculated values of
velocity, attitude, and control position. The rotor forces and moments
are calculated, followed by the calculation of the aerodynamic forces and
moments on the fuselage. These values are then sumed with the inertial
forces to calculate the six accelerations. The accelerations are inte-
grated, yielding the values of helicopter velocity and attitude. Instrument
data for the rig is then updated, and any output data is collected. The
cycle is then repeated.

Dae to the length of the total helicopter-external load solution, including
the load analysis and data scanning routines, a scheme for arriving at the
total solution within computer time limits had to be devised. A real time
solution with a pilot in the loop, whether using the fixed-base rig or the
moving-base rig, must be completed within 0.060 sec. A duty cycle of 0.060
sec results in about sixteen passes through the entire solution per second.
Therefore, the instrwnents and the display system in the cockpit simulator
are updated at least sixteen times a second. If they were updated less
frequently, the pilot could detect the discrete changes being supplied to
the instruments and display, and a realistic response from the pilot would
no longer be possiblf. To keep the simulation realistic without losing any
accuracy in determining the various load factors developed in the sling
members and at the hardpoints, the approach used was to first fly the heli-
copter-external load solution on the fixed-base rig in real time, saving
only a record of control inputs from the pilot, and then to recreate the
same maneuvers in nonreal time on only the PDP-6 by playing back the re-
corded pilot inputs into a more thorough analytic solution. See Frigure 9.
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The nonreal time solution consisted of the helicopter-external load simu-
lation plus the load analysis and data scanning routines, the combination
of which was too lengthy for completion in real time. After both the real
and nonreal time fixed-base maneuvers were finished, the same approach was
used to do the moving-base maneuvers. Each of -ýhese steps is described in
detail in the sections which follow.

A slung load simulation program has been developed which describes the
motion of an external load. The method of solution of the load motion is
similar to the method used to describe helicopter motion in GHSP. The
slung load program has been interfaced with GHSP, and the resulting program
is a simulation of a helicopter-external load combination. To fulfill the
requirements of this contract, various sets of equations were derived and
programmed to determine the loads within sling members and at helicopter
and slung load hardpoints. Routines were also programmed for scanning all
the load values calculated in the sling members and at the hardpoints during
the solution of motion. The scanning routines were set up to select and
save only data which would be pertinent in formulating design criteria.

Fixed-Base Real Time Runs

In order to include the effect of in-flight corrections by the pilot in
response to the interaction between the load and helicopter, a pilot was
inserted as an integral element in the control loop. Having a pilot in
the loop called for a real time solution. Using the fixed-base rig, the
pilot receives cues of the behavior of the helicopter from the flight
instruments and the visual display in the cockpit. The externally slung
load affects the helicopter overall motion and respcnse, and this is re-
flected in the cockpit instrument readings ard on the visual display. The
existing version of GHSP is typically run in real time by si=ulating three
main rotor blades and four segments along each blade. This is required to
reduce the time needed for one complete pass through GHSP to less than
0.0600 sec. But when the slung load simulation was coupled with GHSP, the
increase in length of the resultant progrim made it necessary to reduce
the rotor simulation to two blades and four segments so that the solution
could be accomplished in real time. The real time helicopter-external load
simulation for all load and sling types used a rotor simulation consisting
of two blades and four segments per blade.

All of the fixed-base real time runs were done with a duty cycle of 0.050
sec. This insured enough calculations per revolution of the main rotor to
properly describe the sinusoidaliy 7arying main rotor forces and moments,
thereby allowing for a proper description of the entire system. The duty
cycle of 0.050 sec also guaranteed that the in•strument reading and cockpit
display in the simulator were updated frequently enough.

Four-Point Dynamic Solution

The sln.g load solution derived for use with GHSP uses an elastic cable
approach for solving the tensions developed in the cables between heli-
copter hardpoints and hardpoints on the load. Basically, the helicopter
and load motions can be solved separately, but the equations cf the two

12
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bodies are tied together by the cable tension solution. From the dis-
tance between the helicopter hardpoints and load hardpoints and from
the original unstretched cable lengths, the change in length of each
cable is determined. Multiplying this change in length by the spring
rate allows the tensic'i to be solved explicitly for each cable. SFigure 10 catlines the general flow of the helicopter-external load

S~solution.

The elastic cable approach used includes a number of benefits. If a
solution using rigid cables were attempted, the four-point configura-
Sti would include four unknown cable tensions to solve for, thus
resulting in an indeterminant system. The use of elastic cables over-Si comes this difficulty, since the tensions can be solved for explicitly.
of"The use of elastic cables also allows for a more accurate description

of the motion of the load, especially if the cables are very soft and
can stretch some nonnegligible distance.

The general slmg load configuration with a four-point suspension
system is shown in Figure 11. Similar to the GHSP solution, the slung
load equations of motion are solved repetitively and the calculated
data are updated at the end of the cycle. At the beginning of thei cycle, the load attitude and the load velocity are assumed to be known.
Also known are the helicopter attitude and helicopter velocity, as well
as the relative distance between load cg and helicopter cg.

The components of distance between hardpoints, along inertial axis
directions, are given by

xi = x + d. coseBL cOSL

+ b (sin sine CosL - cos#, sin*L)

+ hi (cos#L sineL cosVL + sin L sin*L)
iL

-Id cose Cos
iH cO 'PH

- b. (sin#H sineH - cos*, - cos% sin#H)
iH

- h. (coso sine, cos*,, + sin*H sin*,) (i)

iL OL Sn*L
""flJJLi cs+L

+b (sinL sine sin@L + cosL Cos?,,,

+ hi (cosL - sineL sin*L - siný, coslL)

- d. cose6 sin*H

b (sin÷H sineH sin*. + cosýH cosi)

-h i (sinsH sine% ".inhlH - sinH "cos*H) (2)
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I
Helicopter equations of motion Load equations of motion

Helicopter accelerations Load accelerations

(integration) (integration)

f Hli~opt~er velocities lodvlocities

Relative velocity

•etween helicopter

I ,~(nteg aton)w--,

elative displacement between
helicopter and load

flalculate cable tension

External forces and External forces and

moments on helicopter: moments on load:

Rotor Aerodynamic

Aerodynamic - ' Gravity

Gravity Cable

Cable Downwash
i,

Figare 10. Flow Diagram of the Combined HelicopterA and Slung Load Dynamic Solution
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Figure 11. General Helicopter Load Configurationfor the Four-Point Sling Arrangement.
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f.~ z d~ sinOL +b si~n ~coseL

h CosL cosa + d sine H
ýL LoGH

b sin cosOR - h. COO " cos(
iH ý H (H

where components of relative distance between-xy1 z helicopter cg and load cg , ft

d LbiL,hiL = components of distance from load cg to I
load hardpoints, along load axes , ft

diH,biH,hiH = components of distance from helicopter cg toi =i
helicopter hardpoints, along helicopter axes
ft

ft = load roll, pitch, and yaw attitudes , rad

. ,H'8 H,¥H = helicopter roll, pitch, and yaw attitudes, rad

i 1 to 4; denotes individual cables

The length of each cable is given by

2 2 21/: T~i _- (Xi + yi + Zi)i'
Li= 1

The solution assumes elastic cables; therefore, the tension in I j
the cables is given by

T. = Ki.(L.- Li)
1 11 0(5

where K. = spring rate of the cables, lb/ft

Lio= unstretched cable lengths , ft

If the original length is greater than the present value, the cable
tension is set to zero, thus simulating a cable gone slack.

The download on the slung load due to the main rotor downwash is

calculated at this point. The download is
1 2f-

wz= - •pc w f (6) =
'Z=2 -v -o w •

where p = density of air, slug/ft3

c = ratio of average downwash velocity on thew slung load over the average downuwash

velocity at the rotor disc

16
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w - average downwash velocity at the rotor
disc, ft/sec

fw =equivalent flat plate area of slung load
when viewed from above, ft

The value of f selected is a function of the geometry of the
specific slung load which is simulated, while c depends on the
distance the load is suspended below the main rotor. Since the
pallet and container suspended by four points are both slung so
near to the bottom of the helicopter, the downwash effects in these
cases were ignored. It is assumed that the downwash blows back away

from the slung load at forward speed. Therefore, the force on the
load due to downwash is calculated only in hover. Thi.. force is
assumed to act in the load direction, and no moment contributions
on the load due to downwash are considered.

The additional forces and moments on the helicopter which are created
by the cable tensions are given by

AFXH = ETXi (7)H

AzH = ZTZiH (9)

H = -E(hiHTYiH) + £(biHTZiH) (10)

AM• = -(hiHTXiH) - E(diHTZi) (11)

1NH = r(diHTYiH) - E(binTXiH) (12)

where TXiH, TYiH, = components of cable tension along
TziiH helicopter axis directions, lb

These contributions are added to the equations of motion of the
helicopter in GHSP to represent the effects of the slung load on
the dynamics of the helicopter.

Returning to the slung load solution, the angle of attack, sideslip

and resultant velocity of the load are computed by the equations

1 = arctan (vL/UL) (13)

S= arctan (wL/Uv ) (14)

VRL = ( vL + ) (15)

17
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where uL,vLWL components of the slung load velocity along
U load axis directions, ft/sec

The aerodynamic forces and moments on the load can now be determined
by scanning normalized wind tunnel data, or by representing these same
data in equation form as functions of .L and 8 . The wind tunnel data
used to represent the slung loads in this particular study are given
in Appendix III.

The actual equations of motion of the slung load can be solved at this
point. These equations yield the components of linear and angular
accelerations of the load:

uL= VL r - w q + (-mL g sine D +D TXLL) /M1  (16)

L

L = -PL uL "rL + (mL g c oseL s L - L+T )/ (1)

wL + (mLg cos Lcose LL + ZTZi ML (18)

PL L L zz + PL qL + rL xzL (19)

+'rL- E(hin TYH) + E (b i. TZ H /I

SCL = PLrL (IxxL - z L + ( l - P ) iXZg (20)

!{ ~~+ML•+ £(h.L . TX.L) +Z£(d.L . TZ.• ) /Iyy

L L HLX

0 +L

o (I + (r rL.L-qL xL 1 L xzL (21)

+ NL + Z (d, . TY.L) -+ (b. TX.L) /I

L L L ZL

- -- ~-=.- - L~ L-- - Z__



where pL qL,rL = roll, pitch, and yaw rates of load, rad/sec

ML = mass of load, slug

g = acceleration of gravity, ft/sec 2

DLY'LLL = aerodynamic drag, side force, and lift on

load, lbIL,INL = aerodynamic roll, pitch, and yaw moments on
load, ib-ft

TXiLTYiL, = components of cable tension in load axis

TZiL directions, lb

I xxL,Iyyy, = moments 2 and product of inertia of load,

IzzLIxzL slug-ft

In these equations it is assumed that the only product of inertia of
the load which is not negligible is IxzL. This is a reasonable
assumption for the load types studied.

The components of angular velocity of the slung load measured along
space axis directions are given by

PL + qL sin4L tanIeL + rL cosoL tanBL (22)

L = qL coSL - rL sinOL (23)

V L = (qL sin4g + rL cosýL) " (secOL) (24)

A rectangular integration scheme is used to solve for velocities from

beetan eena suessvcluation s and isdsgntrbyA.oneaccelerations and displacements from velocities. The duty cycle is
the time between successive calculations and is designated by AT. One

complete solution of the helicopter plus slung load equations must be
completed within AT sec. The rectangular integration technique assumes
a constant value of a derivative over AT to determine the integrated
value. Once a new value of a parameter is calculated, the old value is
normally discarded. The updated roll, pitch, and yaw attitudes of the
load are

OL (new) = .L .AT + L (old) (25)

(26)ae (new) = .AT + e (old)
8LLL

L (new) = ¢LAT + L(old) (27)
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The new components of angular velocity of the load measured along
load body axis directions are

PL (new) = L. AT + p. (old) (28)

"0 (29)
q (new) = • . AT + q, (old)

0
rL (new) = rL AT + r L (old) (30)

The new components of linear velocity of the load cg are given by

ur (new) = u &T + uL (old) (31)

vL (new) = vL AT + vL (old) (32)

0"wL (new) = WL AT + wL (old) (33)

Within GHSP, the helicopter equations of motion are solved for the
components of linear and anLular acceleration. In a manner similar
to eqs (31) to (33), the components of linear velocity of the heli-
copter cg are solved. Call these quantities u,. v,, and w
Then the components of relative velocity between tJe cg ofPthe heli-
copter and the cg of the load are given by

U = L- • (34)

v =v7L - v1  (35)

V = wL - wH (36)

The latest values of velocity are used in eqs (34) to (36). The inte-
gration technique is used once more to determine the compor nts of
relative distance between the two cg's.

x(new) = u AT + x (old) OT)

-y (new) =v AT + y (old) (38)

• - - -(39 )
z knew) = w AT + z (old)
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This is the last calculation done in the cycle through the equations
describing the motion of the helicopter-external load combination.
The cycle is ready to be repeated again.

SSimilar to GBSP s ution, the slung load solution contains no
linearization assumptions. Neither are there any small angle or
small displacement assumptions in the equations.

Single-Point Dynamic Solution

In general,the slung load equations developed for the four-point
suspension may also be used to solve for the motion of a load suspended
by a single cable by setting the limit on the subscript i equal to one
in eqs (1) to (39). But a more accurate solution has been developed
for the cases :n which a bridle composed of one, three, or four nylon
legs is used to attach the load to a hook on the end of a single steel

6 cable from -the helicopter. Since the spring system in the nylon bridle
is much softer than the steel cable spring system, most of the load

vibratory motion occurs below the hook. By making some modificationt-
to the general four-point solutionthe new set of equations more accu-
rately describes the slung load motion relative to the steel cable, as
well as relative to the helicopter itself. As the load dynamics cause
changes in the tension within the legs suspending the load from the
cable, these additional equations allow for the change in spring rate
of the nylon legs. For very elastic members,the spring rate can change
a great deal as the tension varies. The s "gle-point suspension sOba.-
tion accounts for this variation.

Tae method used in the single-point suspension solution is
to replace the total spring system comprised of the single steel cable
and the one, three or four nylon bridle legs by an equivalent spring
acting between the centers of gravity of the helicopter and load.
Since the distance from the helicopter cg to helicopter hardpoint is
small compared to the distance between the helicopter and the load,
the location of the equivalent spring is reasonably accurat;e.

The- tension in the cable is then solved for by the elastic method.
Once the cable tension is known,the spring system is resolved to
determine the correct stretch and orientation of both the steel cable
and nylon bridle relative to one another and relative to the helicopter.This is basically the only difference in approach between the four-?oint

solution and the single-point solution. The elastic cable approach is
retained in the single-point solution to more accurately describe load
motion and to save computation time.

Figure 12 illustrates the various parameters used in the equations of
the single-point suspension system. When the load is allowed to hang
freely and undisturbed in this configuration, the cg of the load will
fall along the same line as the steel cable. This line, measilredN

relative to the load body axis system by the angles 1, ?, and v, is
referred to as line LL. The orientation of line LL relative to the
load is assumed fixed and is determined by the static equilibrium
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Figure 12. Single-Point Multilegged Slung
Load Configuration.
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position of the load. During the dynamic solution of load motion,
irrespective of how line LL is oriented relative to the steel cable,
it is assumed that the motion of the load cg with respect to the hook
is along line LL. The orientation of the nylon legs relative to the
line LL is given by the angles T *These axuales are also determined
by the static equilibrium of thei load. These angles vary so slightly
with motion of the load cg relative to the hook that they can be

assumed conb:.ant. The subscript j identifies individual nylon legs
in the bridle. Numbering starts with j = 2.

The single-point solution replaces eqs (1) to (5) in the four-point
solution. The distance between the helicopter cg and the load cg is

-2 2 -2)1/2L (£2 + y+ (4O)

The components of distance between cg's, x, y, and z are known either
from initial conditions or from the previous pass through the solution.
If Lmo represents the unstrotched distance between the cg's, then tne
change in this distance is

AL =L - Lo(1*1)

The tension in the steel cable T1 is solved for from the change in
length of an equivalent spring between helicopter cg and load cg and
from the spring rate of this equivalent spring. The total equivalent '
spring rate is a function of the spring rate characteristics of the
nylon legs as well as the spring rate of the steel cable. It is
assumed that the spring rate of the steel cable K is constant, since
this spring rate is high. But the spring rate of Sthe nylon legs is a
variable which is a function of the loads in the legs. In this study,
the slung load solution was programmed for bridle legs made of MIL-W
-4088F, type XXVI (1.75 in. by 0.165 in.) nylon webbing. If N repre-
"sents the number of plys per leg, Ic. is the original length A each
leg, and P is the load per ply in each leg, then the spring rate of
each nylon leg made of this particular type of webbing is

K = N (33.5 P + 30000 lb) /Eoj (42)
p

P is a function of the tension in the steel cable and is approximated
the equation

P = I(N N cos T,) (43)

j 1 p
where N number of nylon legs

N = number of plys per leg

p
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Equation (43) assumes that the components of tension in ear, leg in
k--the direction of line LL are the same. This is a reasonably valid

assumption for the sling configurations which were selected for this
study. Each of the spring rates in the nylon legs is resolved in the
direction of line LL according to the formula

KLLj = K COS T (44)

The resultant spring rate of all the nylon legs in tbz direction of
line LL is given by

W= EKLLj (45)

Accounting for the effects of the steel cable, the spring rate of the
total equivalent spring between the two cg's -s

KT = •5 KN/(Ks + KR) (46)

The tension in the steel cable is

T = KT AL (47)

Equation (47) cannot be used alone to solve for the cable tension
because from eq (43), P is also a function of T1 , while the value of

Sis a function of P..So the cable tension is found by solving eqs
(•2) to (17) simultaneously for T once AL has been solved from eq

(41). Once T, is known, K can aso be sofved.

The motion of the slung load relative to the hook can now be solved.
The distance from the hook to the load cg at any time during the
dynamic solution is

L - (Tl/KN) + •o

where LNo = unstretched value of LN, ft

Although the single-point scl'xtion allows for swing of the slung load
relative to the steel cable, this last equation assames there is none;
this assumption is reasonable because such swing is expected to be
small for the loads studied.

Knowing the stretch in the cables in the bridle portion of the sus-
pension system, the correct amount of stretch in the steel cable plus
the proper orientation of the cable relative to the helicopter mav be
solved. The components of the distance from the helicopter hardpoint
to the hook are

x = x + L cos X coseL COsL

+ LN cos 4(sinOL sinfeL COs5L - cos€L singJL)
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+ Cos cos H(cosL sineL COS + sinfL s.fnýl)

d cosH cos*H - b ( sine1 cossi - cosoH sinY1 )

-hB (cosH Hcs
h (cosOH sin6H sinJH - sino, cos4,H)iH (49)

= Y + L Cos X COO L sinf4L

+ Lh cos 4 (sinrL sOL sin4 L + COS•L COSaL)

+ N cos v (cosoL sin8L sinfL - sinoL cos*L)

1- d 1 cC sin1 - b f ¢sin' sinen sin*1 + COS•1 cosi 1 )

- hl, (co°SH sineH cos*H + sinfH sin*,,)
(50)

= -z cos sineL + C cos; sinfL coseL

+ LS COSV COSOL COOL + dH sineH

b sinH cos8H - h sC cose1  (5s)

Therefore, t'.e length of the steel cable is

2 1/2 (52)

At this point the rest of the single-point suspension solution
continues from eq (6) to eq (39) from the four-point solution with
the limit on i equal to one.
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Brooks and Perkins Pallet aynamic Solution

The method devalored for simulating a helicopter with an externally
suc-nded load wrz to describe the slung load motion by a separate
system of equations which were added to .the already existing GHSP.

The equations describing the slung load suspended from the helicopter
by either four points or a single point have been discussed in the
previous sections. The Brooks and Perkins pullet is one of the load
types studied which falls under the four-point suspension category.
The container is also slung from four points on the helicopter. How-
ever, the pallet configuration is very different because twelve cables
are used to attach it to the helicopter; three cables from three
different hardpoints on the pallet all go to one of the four hardpoints
on the helicopter (see Figure 13). The container with the four-point
suspension configuration is made up of only four cables. The arrange-
ment of zhe twelve cables used to hang the Brooks and Perkins pallet
from the helicopter allows for virtually no relative motion of the
pallet in a fore-aft or sideways direction relative to the helicopter,
whether the cables are rigid or elastic. The pallet also cannot move
any appreciable distance in a vertical direction as long as weight ofA
the payload is riot small and the helicopter load factor is not near
zero. For these re~sons, the helicopter plus pallet combination has
been assumed to act as a single rigid body. Therefore, only the GHSP
alone was used for simulating the motion of the helicopter-pallet com-
bination in real time. The gross wcight, inertia, and center of
gravity location of the equivalent helicopter programmed in the GHSP
were adjusted for the contribution of the pallet. Solving GHSP then
yielded the linear acceleration of the cg of the helicopter-pallet
combination.

Since the cable arrangement used for slinging the pallet to the heli-
copter restricts the relative motion of the pallet, no accuracy is

lost in des-ribing the motion of the total system by using just GHSP.
Since no separate slung load description is included in this case,
aerodynamic force3 on the pallet cannot be evaluated directly. But
due to the geometr-y of the pallet and because this particular type of
external load is slung so near to the helicopter, lift and drag contri-
butions of the pallet are essentially zero. The elastic cable approach
used in the general four-point configuration solution described pre-
viously applies best to geometries where only one cable is attached
to each helicopter hardpoint. Using the same elastic cable approach
with the pallet would not be incorrect, but the additional cables would
make a real time solution impossible. Tht -proach which has been used
to represent the dynamics of the helicopter plus pallet in real time is
shorter than the elastic cable approach wouild be, and is just as
accurate.

Nonreal Time Runs - Fixed-Base Pilot Inputs

The helicopter-external load simulation plus the sling element and hardpoint
loads computation are performed by the PDP-6 digital computer. With this
digital solution, all equations are calculated during discrete time
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intervals, each of which is called a pass. The time it actually takes to

complete one pass may be called the computation time. If accurate and valid
results are to be obtained from. a real time simulation, at least 16 passes
per second are needed. Thus, the computation time must be less than one-
sixteenth of a second. Within the simulation model itself, the length of
time used in the integration scheme which expires before updating the value
of a variable is called the duty cycle. The duty cycle is the simulated
time between successive passes through the solution. For the helicopter
and various slung loads studied, it was necessary to have this simulated
time interval to be less than one-sixth of a second. This duty cjcle re-
striction guaranteed that the model described by the digital solution agreed
with the exact mathematical description of the system. For a real time simu-
lation, the calculation time for one pass must equal the time interval simu-
lated within the solution during that pass. Due to the length of the
helicopter-external load simulation, plus the analysis of loads developed
in the sling members and at hardpoints, it was impossible for the computa-
tion time of this entire solution to be less than one-sixteenth of a second.
Because the equations describing the motion of the system are independent
of the component sling element and hardpoint loads analysis, a real time
simulation with a pilot in the loop was done using only the solution for
helicopter-external load motion. During these real time runs, the stick
and pedal control motion by the pilot was monitored and recorded. Then,
without the pilot, the values of the control niotions were used as input to
the program which now included the sling and hardpoint loads analysis as
well as the equations of motion of the system. This version of the program
was run in nonreal time, i.e., the computation time needed for one pass
through the program could be as long as necessary to complete all the equa-
tions. Thus, the nonreal time runs created exactly the same helicopter and
slung load response as were created during the same maneuvers in real time;
the load factors developed in the sling members and at the hardpoints were
also ceIcuLlated.

The sling element and hardpoint loads are calculated by a series of equations
which have been programmed with those of the slung load simulation described
earlier. The latter equations are totally independent of the former, so that
the sling and hardpoint equations form an ancillary package which operates on
the output of the slung load simulation.

The following sling types were programmed and analyzed in this study:

1. Four-cable suspension

2. Four-cable suspension; one cable broken

3. Single-cable four-legged suspension

l4. Single-cable four-legged suspension; one cable broken

S5. Single-cable three-legged suspension

6. Single-cable single-legged suspension
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7. Brooks and Perkins pallet

A detailed description of each of these analyses is given later. The
following general assumptions have been made for all load configurations:

I
1. All cables and legs are weightless.

•. Aerodynamic -,ffects on cables and legs are negligible.

3. Ul! loads are rigid.

4. The "elicopter from which the loads are suspended is rigid.

5. All cab.es and leg elements for any particular sling have
identical diameters and properties.

Within the sling and hardpoint analyses. the tension in each cable and each
nylon leg in the bridle, as well as the vertical, side, drag, and inplane
components of the force at each load and helicopter hardpoint, are calcu-
lated. These values are calculated at the end of every pass through the
program during the duration of the maneuver, and are expressed as load
factors by nondimensionalizing each value. The cable tensions are non-
dimensionalized by dividing each tension by the static value of tension
in that particular cable. The tensions in the legs are nondimensionalized
by dividing each tension by the static value of tension in that particular
leg. The vertical, side, drag, and inplaxe forces are all nondimensional-
ized by dividing each quantity by the static value of vertical force at
that particular helicopter or load hardpoint.

For the real time runs, the number of blades simulated in the rot solution
was two, with the airloads analysis being done along four segments of each
blade. This was necessary to reduce the entire computation time so that a
real time simulation could be dcne. Simulating only two blades caused some
inaccuracy in the helicopter load factor which was produced, giving this
value an oscillatory characteristic instead of a steady value as the rotor
goes through one complete revolution. The pilot could not detect this effect
in real time because of the high frequency, and it did not affect the overall,
dynamics of the system for the same reason. Therefore, the pilot inputs and
helicopter-external load motion were not affected by the two-blade rotor.
But a more specific study of load factor produced over small discrete time
intervals would be affected by the two-blade rotor. Therefore, the nonreal
time runs were done with a rotor simulation consisting of six blades and
five segments along each blade. This eliminated noise in the helicopter
load factor time history, thus insuring more exact calculations of load
factors in the slings and hardpoints as a function of helicopter load factor.

In addition to the sling and hardpoint loads analysis which was added to the
simulation during nonreal time runs, a data acquisition file was also added.
This file scans load factor data calculated in the loads analysis portion of
the program, and selects any data which is pertinent to determining final
design criteria. The data acquisition file is discussed in more detail in
a later section.
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Determination of Sling Element and Hardpoint Loads

1. Four-Cable Suspension

All of the computations for the cable tensions and hardpoint
reactions at the load and at the helicopter are effectively
carried out in the motion simulation portion of the program.
For the load analysis, it is only necessary to set the verti-
cal, side, drag, and inplane forces equal to

V. = •Y• (93)

S. = TYi (54)'H

Di = TZiH (55)

P = (S.2 + D.2)1/2 (56)

vk = TXIL (57)

TY (58)sk = •iL A58

S= T•Zi. (59)

+2 D (60)
k k k

where i = 1 to 4; denotes individual cables or
helicopter hardpoints

k = 5 to 8; denotes individual load hardpoints

These quantities are then nondimensionalized by the method
described earlier. Figure U1 illustrates the numbering
system used for the cables and hardpoints.

2. Four-Cable Suspension; One "-b1e TBroken

The equations and computation sche.e for this configuration
are identical to the four cable suspension case with the
exception that i = 1 to 3, and k = 5 to 8 (see eqs (53)
throueh (60)). The limits on i in eqs (1) through (39)
are also from I through 3.

3. Single-Cable Four-Legged Suspension

In the motion solution for the single-cable multileg system,
the moment on the load due to the tensions in the leg is
effectively evaluated by momentarily assuming a rigid
structure from the hook down and computing the moment
about the load cg due to the tension in the steel cable.
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Any aerodynamic moment on the load will change the
orientation of the slung load plus nylon bhadle relative
to the steel cable. Therefore, the correct effect of
moments on the load is included in the motion simulation
solution. The change in tension in the individual legs
which results from the aerodynamic moment is included in A
the sling and hardpoint analysis.

In the single-cable four-legged suspension system, each leg
is treated as a spring, since the structure is statistically
indeterminant. The change in length from the no-load con-
dition is calculated for each leg from known data and output
of the motion simulation by

AL3 = (LN cosA - x) 2 + (L cosC -y

2 1/2 (61)+(LN Cos V - z j o
3 0

where J = 2 to 5; denotes individual legs

x ,Y 9z =components of distance from load cg
y•, J to load hardpoints, ft

The tension in each leg due to the external forces on the
load is then calculated by rewriting eq (4~2) in the form

T = (30,000 AL)/ ( - 33.5 AL) (62)

The tension in each leg due to moment balance is now
calculated. Refer to Figure 12. The angle between the
load z - axis and the projection of the steel cable in
the xz - plane of Yae load is

S= aictan [(cos ) / (cosv)] (63)

The pitching moment contribution about the load cg is then
- given by

M : (TX cosyM - TZL sinyM) (L, cosA) 2  (64)
p( cosv)

+ (I cosv) 2 . (Ncosv - z.) (L N(cosv

'where z = z - component of distance from the load cg
,C to the top of the load, ft

Eq (64) allows for cg variation in the x- and z- directions.
Since the four-legged case is indeterminant, an approximate
method is used to determine the components of force in each
leg necessary to balance the pitching moment on the load.
These contributions for each leg are
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M M/2c cose 2
p x 2(65)

k.F3M -Mp/2cxcose (66)
H X 3

Ax = -Mp/2Cxc (6T)

AF5M MP/2Cx2O805 (68)

where c x - component of distance betweenherex load hardpoints, ft

e2 ,e3 ,o4," 5 = angle between individual legs and

load z- direction, rad

Effectively, these equations lift the restriction in the
motion simulation portion of the program which says that
line LL is fVxed with respect to the load.

In a similar manner, the components of force in each leg
necessary to balance the rolling moment on the load are
calculated by

Sp :(TYl cos y - TZl sin y ) gcosd)2 (69)

-L IL

S: arctan (cos ) /(cos v)

+ ( oNcosv) (LBcosv-zC) (-LcosV) (70)

AF2 = - p/2 cycosO2  (71)

AF3 = - p/2 cycosO3  (72)

AF4 = p/2 cycose0 (73)

AF5 = p/2 cycose 5  (7)

There is no yawing moment reaction at the hook because the
load is free to rotate about the hook.

The total tension in each leg due to the reaction of both
forces and momeats on the load is now calculated by the
equatioa
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Ij T j FJM + AFJ(

From the four-legged tensions which are determined by eq (75),
the smallest nonnegative value is selected; the remaining
three-legged tensions are discarded. The tension in ell four
legs might be calculated by eq (75), but small errors in-
digenous to any computation scheme might result in a loss
of equilibrium at the hook. To insure equilibrium, the three
remaining tensions are calculated directly by writing the
equations of equilibrium at the hook. To do this, the direction
cosines of the load axes in a fixed axis system must be calcu-! lated by

L XZL = cos 6L sin*L (76)

Y = sinýL SineL cosOL - ZOsL sinL (77)

Z = cOSL sineL cos*L + sin•t sinPL (78)

XmL = coseL sin*L (9)

Ym = sinL sinO L sine S L + cos#L cos L (80)

zmL = cosoL sineL sinIL - sin*L cos*L (81)

_IL = -sineL (82)

ynL = sinCL c°SOL (83)

znL = cos¢L cosOL (84)

S¶The coordinates of the load hardpoints in the fixed axis
system are calculated from the direction cosines and the
position of the load origin relative to the helicopter by
the equations

F xx +ytL ,J +znt zj + (85)
SYF = XML xJ + YML yJ + zmL zJ + y (86)

ZJF = xnl xJ +ymL yJ + ZL z+zJ: (87)

The coordinates of the hook relative to the helicopter inthe fixed axes are found from the known positions of the
hook relative to the load and the load relative to the hell-
copter according to the equations

S= + x LNcosA + yL L•cos. + z$tL icosv (88)
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SYDF = + =%L LN os)L + ymL Noosý + Z-L " LN cosv (89)FF
•F z + znL L~cosX + YnL L.cos; + znL - LN cosv (90)
F

Eqs (85) to (90) are used to calculate the direction
cosines of the sling legs in the fixed axes by

j = (xDF - xjF)/L (91)

mj = (YDF - )ILj (92)

(z z z)/Lj (93)
j F UF

where L = AL + £oj (94)

The tension in the three unknown legs may now finally be
computed by solving

ET.11 + TXlH = 0 (95)

ET Mn + TY1  = 0 (96)

ET n + TZl1 H = 0 (97')

In eqs (95) to (97), one of the values of T is already known
from the smallest ncnnegative value of T shlved from eq
(75). The steel cable tension componentJ TXl%, TYIH, and TZ1 H
are output directly from the motion simulation portion of the
program.

Once the tension in the four legs is known, a check is made
to insure that none of the values are less than zero, which
insures that none of the legs have gone slack or are in com-
pression.

The hardpoint reactions at the helicopter and at the load are
now calculated by a simple geometry analysis. These hardpoint
reactions at the helicopter and load, however, must be com-
puted in their respective body axes. For the sling elements,
the direction cosines in the load axes are

L (Lcos- x)/L (98)
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ie,

mj = (Ncos; - yj)/Lj (99)

nj = (Ncosv - z )/L (100)

Using these direction cosines, the reactions at the load
hardpoints are

V = T n'L (101)

D = DmL (102)

S• £jL
= Tj J (103)

Pj = (Sj 2 + D1
2 ) 1/2 (104)

The reactions it the helicopter are known from the motion
simulation solution and arc, taken directly as

Sv1  = TNz (105)

Dl TY (106)

S= TX1 (107)

P = (S12 + D2) i/2 (i08)

These quantities from eqs (101) to (108) are nondimension-

I ! alized for final output.

1 . Single-Cable Four-Legged Suspension; One Leg Brokenr

S2 The single-cable four-legged suspension with one leg failed
I |solution is identical to that of the single-cable four-legged
t ,suspension except for a few minor modifications. Assume leg
1 5 (left aft) is failed and ignore all data input to that leg
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for the motion and loads analysis solutions. Thus, the
subscript j = 5 is never used anywhere. Equation (61),
is still calculated for i equal 2 to 4 so that L may be
checked to insure that no legs have gone slack. But eqs
(62) to (75) are ignored and the tensions in the legs are
solved by eqs (95) to (97) alone, since this configuration
is not indeterminant. The resulting tensions are checked
for com essive loads.

5. SingletCable Three-Legged Suspension

The analysis for this configuration is exactly the same as
for the single-cable four-legged suspension with one leg
failed. The static loads used for nondimensionalization,
however, are obviously based on three bridle legs instead
of four.

6. Single-Cable Single-Legged Suspension

In the single-cable single-legged suspension, all tensions
and reactions are calculated within the motion simulation
solution. For readout and nomenclature purposes, set

vI = T~lH(109)

TY (110)

111
S(ill)

D = TX

1H

p (2 +D2)1/2 (u-1)
1 1

= TZ (2-13)

S2

S 2 = •-.(ll)
= (115)D2

1L1

($22 D221/2 (116)
2 2

The subscript 2 refers to the single load hardpoint.
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7. Brooks and Perkins Pallet

The Brooks and Perkins pallet is a complex and multi-
redundant structure whose solution requires a rather sophisti-
cated analysis. In an effort to keep the programming require-
ments uncomplicated, it was decii* that influence coefficients
for the structure would be precalculated by the FORTRAN pro-
gram FRAN (Frame Analysis) and then used as direct input for
the tension and hardpoint analysis. in the simulation program
the pallet is treated as a rigid member of the helicopter.

The inertial and gravitational loads and moments generated at
the load cg are calculated by

LCG = L o-z- (YL-Ycg) + (XL xcg) /g (9 T)

WL gc ose sino- (L- g- cg (-18)

DW - wL - g sine -I (, ) + o (y yg) g (119)

DLG -lyygqc
\CG (120)

-I q (121)

-LCG YY

I r
MZL = - (122)

where (xL - x- Zc) = components
cg) (L Ycg)' L zcg

of distance between t7.e load cg and the combined cg of
the load and helicopter, ft

WL = weight of the load, lb
WL

Ix,IyI = moments of inertia of the cofbined
helicopter and load, slug-ft

"The accelerations and attitudes used in eqs (117) through
(122) have been solved for in GHSP for the combined heli-
copter ard load.

The influence coefficients are written for loads applied at
a point in the center of the pallet and in the plane of the
pallet. Consequently, the loads and moments solved for in
eqs (117) through (122) must be transferred from the center
of gravity to the center point. This transfer is
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1P V LO (125)

S= 3c +G (126)

MyLP = MYCG h DLCG- dVLcG (127)

MZLp MZCG + d SLCG (128)

where d component of distance from pallet
center to load center of gravity in
load x - direction, ft

h = component of distance from pallet
center to load center of gravity in

rloadl z - direction, ft
SIt is assumed that the load is latterally symmetric with the

pallet. The tension in the twelve cables can be directly
•_ calculated using the loads from eqs (123) to (128) and the
i• given influence coefficients from the FRAN program. For the

standard Brooks and Pei:kins pallet shown in Figure 13, the
influence coefficients equations in matrix form are
0I"- -154.7o 109.33 38.o0 -19.18 -16.86Zi

'IT -371.89 - 79.36 147.20 30.05 - 9.57 11.51 SLp

0 -301.24 55-90 -14.50 - 9.80 -27.62 VLp

T2 0 -154.70 109.33 38.C8 19.18 16.86 mxx
2I -371.89 - 79.36 147.20 30.05 9.57 -11.51 M

21=I00 0-301.24 55-90 -ih.50 9.80 27.62

T 3 0 154.70 109.33 -38.08 19.18 -16.62

UT 3 -371.89 79.36 147.20 -30.05 9.57 11.5-1

ST3 0 301.24 55.90 14.50 9.80 -27.62129

T 4 0 154. 70 109.33 -38.08 -19-155 16.86 (129)

[T41 -371. 39 79-36 i147.20 -30.05 - 9-57 -11.51

ST 0 301-2h 55.90 14.50 - 9.80 27.6_J
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To obtain this matrix from FRAN, unit forces and moments
were applied at the pallet center to determine these influence
coefficients which, effectively, ar. the changes in tension in
each sling member for each individually applied unit force or
moment. In the FRAN, solution, rather flexible cables were
used, while the pallet was made almost rigid by representing
it by very stiff, yet flexible, beams. This matrix solutionI does not prohibit the cables from accepting compressive loads.
Consequently, these terms are continuously checked and the
program user is notified if the value of any tension is less
than zero.

With the cable tensions known, the hardpoint loads at the
helicopter and at the pallet are determined by a geometric
analysis. The direction cosines of each sling member are
calculated and are used with the tensions from eq (129) to
yield the reactions at the helicopter hardpoints and at the
pallet hardpoints. These reactions are referred to as V., D.,

* Si, and P. with i from 1 to 10 where the individual hardpoinis
are identlfied in Figure 13. These reactions are nondimen-
sionalized to yield the final output from the sling element
and hardpoint loads analysis section.

Data Acquisition

* Operation of the entire helicopter-external load simulation program
yields a time history of helicopter and load motion and a time history
of load factors developed in the sling elements and at the hardpoints.
These values are caleulated at the end of every pass through the
solution. If, as a minimum, the duty cycle of the solution is one-
sixteenth of a second, then every single nondimensionalized load and
helicopter hardpoint reaction is calculated sixteen times for every
second which is simulated. Due to the number of reactions calculated
and the length of time needed to fly the maneuvers, the amount of data
vhich results is tremendous, and an automated method for scanning and
selecting only pertinent data is an absolute necessity. Such a data
acquisition program was developed and added to the end of the sling
and hardpoint loads analysis section of the program.

All of the maneuvers which were flown on the fixed base rig were high
helicopter load factor producing maneuvers. The only data of im-
portance toward determining some final sling and hardpoint design
criteria are the maximum load factors in the slings and at the hard-
points. At the end of each pass, the data acquisition program reads
the helicopter load factor N . If the calculated N is within ± 0.025
of some designed N , then the value of N which is recorded is theThe Z h
designated value. The des gnated values in the acquisition program
start at N = 0.85 and continue to 2.50 in steps of 0.05. Thus, for
example, if N calculated in the GHSP portion of the solutior. is
1.834, it is recorded as 1.85 by the data acquisition scheme.

The remaining aspects of the data monitor and acquisition program are
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merely a set of logic conditions which compares, selects, and stores
the sling element and hardpoint loads in their respective load factor
(nondimensionalized) form. The procedure ir ea follows:

1. At the completion of each program pass, the program selects
the largest nondimensionalized cable tension; leg tension;
vertical, drag, side, and inplane hardpoint load at the
helicopter; and vertical, drag, side, and inplane hardpoint

load at the slung load.

2. The program reads the value of N and selects the appropriate
band. z

3. If this is the first occurrence of N within the band
specified in paragraph 2 above, thenZall of the data from
paragraph 1 above is stored under that particular band.

4. If data already exists within the N band, each load is
compared to its respective previously stored load; the
largest value is retained.

5. At the completion of each run, all of the saved data are
output in a convenient format.

The output format from the data acquisition scheme may then be easily
scanned by eye to find the largest N and the largest sling and hard-
point load factors developed during the maneuver.

To increase the probability of finding the exact maximum helicopter
load factor and sling and hardpoint load factors developed during a
maneuver, the duty cycle used for the nonreal time runs was reduced
by a factor of five comparred to the duty cycle used in real time. A
duty cycle of AT = 0.050 sec was used in all the real time fixed-base
runs. All of the nonreal time fixed-base runs were done with
AT = 0.010 sec. This means that for every 1 second of helicopter-
load motion which was simulated, the entire program was solved 100
times. The increased nuniber of solutions per second also guarantees
a more accurate simulation, since the approximate digital solution
becomes more exact as the time period over which any integrations
take place decreases.

Moving-Base Real Time Runs

The helicopter-external load simulation wes done in real time to include
pilot response to the interaction between the load and the helicopter.
High load factor producing maneuvers were flown by the pilot on the fixed-
base simulator. In the fixed-base simulator, the interaction cues are
interpreted by the pilot from his readings of the instruments and cockpit
display. The question arises as to how the pilot's response would be
affected by the addition of actual motion cues. Any difference in pilot
control inputs would eventually be reflected in the loads developed in the
sling elements and at the hardpoints. To answer this question, a real time
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simulation was conducted with the motion system operative.

In addition to repeating several fixed-based maneuvers to evaluate the
effects of motion cues on the final output data, entirely new maneuvers
were flown on the motion system. These new maneuvers were selected because
they would appear to produce pilot induced oscillations. (All the maneuvers
are described in a later section of this report.) Such cases would be use-
less to run on a fixed-base simulator since the pilot needs motion cues to
induce such oscillations. The results of the new cases would indicate if
any higher load factors were produced than had been recorded during the
previously run maneuvers.

The method of solution of the moving-base real time simulation is exactly
* the same as the fixed-base real time method. The only difference is that

the accelerations solved by the motion simulation go into an analog computer
where a washout program calculates the needed positioning of the moving-base
rig. This calculated position is relayed to a PDP-8 computer which then
feeds the motion signals to the rig.

The fixed-base real time runs were done with a duty cycle of AT = 0.055 sec.
This value is still below the maximum of 0.060 second required for an
accurate real time solution.

Nonreal Time Runs - MoV-in,;,-:ase Pilot Inputs

The moving-base nonrezl time solution is similar to the fixed-base nonreal
time scheme. The ncni'eal time moving-base motion solution adds the sling
and hardpoint loads analysis and data acquisition packages to the motion
simulation. Six blades and five segments per blade are simulated for the
rotor in nonreal time. The duty cycle is also reduced by a factor of five
to AT = 0.011 second.

MANEUVERS

A CH-54A helicopte,. was used in the simulation study and flown through
various maneuvers with the external loads slung beneath it. The CH-54A
vita a neutral cg location and a gross weight of 25,000 lb was simulated.
By nondimensionalizing the results from the simulation and expre!ssing all
data in load factor form, the design criteria derived from this study are

* applicable to any helicopter at any appropriate weight which can fly with
an extvrnally suspended load.

Prior to conducting the helicopter-external load simulation, the CH-54A
alone was simulated by GHSP. The basic simulation was checked out by
comparing the response to step and pulse control inputs with flight test
data recorded for similar control inputs. The response from the simulation
closely matched the CH-54A flight test data, thereby indicating a reliable
simulation of this particular helicopter.

Fixed-Base Maneuvers

The maneuvers selected to be flo'n. on the fixed--base rig were maneuvers
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which would produce high load factors on the helicopter, thereby producing
high load factors in the slings and at the hardpoints. The maneuvers
flown for the fixed-base simulation were

1. Vertical takeoff from hover (VTO)

2. Symmetrical dive and pullout (SDPO)

3. Roll reversal (RW)

It was originally intended to fly a rolling pullout, but vThis maneuver was
replaced by the roll reversal because the latter maneuver -4ould produce a
higher load factor.

Each of the selected maneuvers was flown on the fixed-base simulator by a

pilot attempting to pull as high a load as he would pull in actual flight

for the CH-54A with an externally suspended load. Each of these maneuvers
was flown in real time with various types of slung loads, and the most rep-

resentative pilot input for each maneuver was selected and used in the

nonreal time runs. Every type of sling and load combination described in
the Loads section of this report was run in nonreal time for each of the
three types of maneuvers, except for the pallet which was flown only for the

vertical takeoff to simulate loads which would represent landing impacts.

The selected pilot inputs were also scaled down and run in nonreal time.

Effectively, this simulated the same types of maneuvers being flown less

violently by the pilot. Data resulting from these runs may be used in

determining a trend of load factor in slings and hardpoints versus hell-
copter load factor.

Moving-Base Maneuvers

The load types flown on the motion system were the container suspended

from four points and the single-point four legged suspension of the same

container. The same three maneuvers flown on the fixed-base rig were flown

on the moving-base rig. For the moving-base nonreal time runs, however,

the pilot inputs were not scaled down to recreate milder maneuvers because

the effect of motion cues would be absent.

in addition to repeating the high load factor producing maneuvers, some

entirely new maneuvers were flown on the motion system. These maneuvers

were ones in which no appreciable helicopter load factor is produced,

yet high load factors in the slings or hardpoints might result. The new

maneuvers also included maneuvers which might produce pilot induced

oscillations. These maneuvers were

1. Yaw reversal in hover; pedal kick (PK)

2. Approach to hover (APP)

3. Longibidinal stick stroke in hover (xbS)

4.2
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IV
4. Lateral stick stroke in hover (x S)

a

5. Rolling pullout (RPO)

None of these maneuvers could be created realistically on the fixed-base rig
because of the importance of actual motion cues to the pilot when flying
them. The yaw reversal was done only with the four-point suspension.

The pilot control inputs for both the fixed-base maneuvers and the moving-
base maneuvers are described in detail in Appendix IV.

Gust Considerations

To evaluate the effect of gusts on the load factors produced at the slings
and hardpoints during a maneuver, a modification was made to GHSP simulating
a gust acting on the helicopter. The gust is generated along a direction
normal to the earth and acts on only the helicopter. Therefore, the effect
of the gust is greater than if it acted on both the load and helicopter. S~The gust was generated by a "sine square&' function with a frequency of {

0.20 cycles per second and amplitude of 10 feet per second.

The gust simulation was done with the fixed-base simulation. Two load types
were flown using gusts: the container suspended from four points and the
concrete block with the single-point four-legged suspension system. All
three fixed-base maneuvers were flown through the gust. The gust lasted

* during the entirety of the maneuvers.

Stability and Control Considerations

To create the highest load factors in the sling and hardpoints, the
maneuvers were flcwn at as high a speed as possible without exceeding
the limit of 115 knots for the CH-54A. Some cases in which the slung load
afforded a great deal of drag were limited by power requirements. Cases
which were uncontrollable were reflown at lower speeds until the pilot could
satisfactorily complete the maneuver, and data were collected for the con-
trollable case.- A drogue chute had to be added to the container slung by
the sin3le-point four-legged zonfiguration in order to obtain any usable
data.

gT
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SIMULATION REULTS AND DISCUSSION

Table I contains the maximum load factors developed in the sling members
and hardpoints during the various simulation runs conducted for this study.
The load factors are defined as

LFTC - Tcmax/TCs (130)

LVV a V mx/v• (131)

LR - D jv~ls (132)

S- S~ /VH. - (133)

WPH C N=ivH" (134)

uVr - I ,,TL (135)

LFVL -VLmax/N (136)

'D - D L=x/v (13T)

LFS - S=VL (138)

LL ==PBx/VLs (139)

where the subscript a refers to the static value of the quantity indicated.
Also indicated in Table I is the maximum helicopter load factor NZmax
developed during the maneuver, as well as the speed at which the maneuver
vas performed. The center of gravity variation is given for the container
and is 10% forward or aft of the neutral position. The various cases simu-
lated are identified by run numbers. The letter S in this number indicates
that the control inputs were scaled down for that run, M indicates the case
was run on the motion system, and G indicates the presence of gusts during
the n•aeuver. NA among the data columns refers to a quantity which is not
applicable to the particular configuration. The abbreviations used to
describe the maneuvers are given in the Maneuvers section of this report.

Table II contains data similar to that contained in Table I, with values
for the trimmed cases. Thus, the load factors are steady-state values
rather than maxinn-s developed in maneuvers.

From the computerized simulation results, it was originally intended to plot
load factor in sling members and hardpoints as a function of CH-54A heli-
copter load factor with payload category as a parameter. After studying
time histories of the load factors, however, it was decided to omit these
pbLts since they could show no useful trends and would only be misleading.
For most of the maneuvers flown, it was found that the peak loaf. factors in
sling members and hardpoints did not occur at the same time at which the
helicopter developed its mri.imum load factor. During some of the maneuvers,
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v TABLE I. SLING AND HARDPOINT DYNAMIC LOAD FACTORS

Load - Cable Leg
Run Sling Type CG Failed Failed Man Speed Nzmax LFT LFVH LFDH UFS i LUH- LFTL LFVT

Container
1 4 Pt/0 Leg Mid No NA SDPO 110 1.90 2.17 2.18 0.71 0.83 0.98 NA 2.15

iS Mid No NA SDPO 105 1.40 1.52 1.51 0.47 C.24 0.51 NA 1.5

IM Mid No NA SDPO 110 1.60 1.67 1.-68 0.41 0.26 o.148 NA 1.61

2 Fwd No NA SDPO 110 1.80 1.96 3.96 0.64 0.56 0.70 NA 1.9ý
2S Fwd No NA SDPO 105 1.40 1.145 1.44 0.45 0.23 0.49 NA 1.0
3 - - Aft No NA SDPO 110 2.Y- 2.33 2.23 0.69 1.01 1.22 NA 2.ý
3S Aft No NA SDPO 105 1.45 1.63 1.61 0.50 0.26 0.55 NA 1.61
4 Mid No NA RR 100 i1.25 I. 3k 1.34 0.37 0.36 0.146 NA 1.
14s Mid No NA RR 100 1.10 1.14 1.15 0.33 0.26 0.38 NA 1.1
4m Mid No NA RR 100 1.30 1.49 1.50 0.40 0.45 0.57 NA i.4
5 Fwd No NA RR 100 1.25 1.34 1.34 0.314 0.34 0.46 NA I.
5S Fwc( No NA HE 100 1.10 1.14 1.15 0.30 0.26 0.38 NA 1..
6,Aft No NA RB 100 1.25 1.34 1.34 0.32 0.36 0.46 NA i..
6S Aft No NA RR 100 1.10 1.14 1.15 0.28 0.26 0.38 NA 1.
7 Mid No NA VTO 0 1.55 1.65 1.65 0.48 0.32 0.54 NA 1.
7S Mid No NA VTO 0 1.30 1.36 1.36 0.39 0.25 0.45 NA 1.
7M Mid No NA VTO 0 1.65 1.78 1.78 0.50 o.32 O.56 NA 1.
8 - F:.d No NA VTO 0 1.55 1.63 1.61 0.34 0.32 o.146 NA 0.

8S - Fwd No NA VTO 0 1.30 1.35 1.35 0.2c 0.25 0.34 NA 1.
9 Aft No NA VTO 0 1.55 1.66 1.64 0.48 0.32 0.53 NA 1.
9S Aft •.o NA V1T0 0 1.30 1.36 1.36 0.39 0.25 0.44 NA 1.
443,tM, Mi d No NA PK 0 1.00 1. 3 !.40 0.43 0.4i 0.55 NA 1.
414M Mid No NA APP 0 1.10 . 1.i 1_.114 0.32 0.21 0.38 NA 1.
45M mi d No NA x6S 0 1.06 LO- 07 0.31 0.22 0.36 NA i,
46m1 Mu No NA X S 0 iLOG 1.10 2-.11 0.31 0.27 0.38 NA 1.
47M1 Mid No NA Pro 100 1.60 1.73 2.76 0.145 o. :4 0.70 NA i¾

Container
IG 4, Pt/O Leg Mid No NA SDPO 110 2.03 2.24 2.21 0.97 0.99 i.o6 NA 2ý
4G Mid No NA RR i00 1.30 1.42 i .45 o.44 0.4 0.56 NA T
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TABLE I. SLING AND HARDPOINT DYNAMIC LOAD FACTORS

N . -FT -~V .- F -S UP T v

I Co S L L 'L -L L L -CS Hs TLS VLS

11.90 2.17 2.18 0.71 0.83 0.98 NA 2.15 0.67 0.98 1.11 3909 3850 NA 3750

II 1.4o 1.52 1.51 0.47 0.24 0.51 NA 1.51 0.45 0.25 0.49 3909 3750 NA 3750

1.6o 1.67 1.68 o.41 0.26 o .48 NA 1.68 . 4 o 0.27 o .48 3909 3750 NA 3750

L. 80 1.96 3.96 0.64 10.56 0.70 NA 1.95 0.61 0 .67i 0.75 4606 4485 -NA 44855
1.h 1..45 1.44 023 A0.9 N 1.44 0.43 0.24 0.47 46o6 4485 NA 4485

2.00 2.33 2.23 0.69 1.Ol 4.22 NA 2.21 0.69 1.21 1.39 4606 4485 NA 4485

1.45 1.63 1.61 J 0.50 0.26 0.55 NA 1.61 0.48 0.27 0.52 4606 4485 NA 4485

1.25 1.31', 1.34 0.37 0.36 o.46 NA 1.34 0.36 .42 0.50 3909 3750 NA 3750
1.10 1.14 1.15 0.33 0.26 0.38 NA 1.15 0.32 0.29 0.40 3909 3750 NA 3750

1.30 1.49 1.50 0.40 0.45 0.57 NA 1.49 0.39 0.53 0.62 3909 3750 NA 3750

1.25 1.34 ._14 0.34 0.34 o.46 NA 1.34 0.344 o.42 0.51 4606 4•85 i NA 4485

v11.10 1.14) 1.15 0.30 0.26 0.38 NA 1.15 0.30 0.29 o.41 46c6 4485 NA 4485

1.25 1.34 1.34 0.32- 0.36 0.406 NA 1.34 0.32 0.42 0.51 4606 4485 NA 4485

1.10 i.14 1.15 0.28 0.26 0.38 NA 1.15 0.28 0.29 0.41 4606 4485 NA '485

1.55 1.65 1.65 0.48 0.32 0.54 NA 1.66 0.46 0.35 0.54 3909 3750 NA 3750

1.30 1.36 1.36 0.39 0.25 o.45 NA 1.36 0.38 0.28 o.46 3909 3750 NA 3750

1.65 1.78 .78 0.50 o.32 0.56 NA 1.79 0.48 0.35 0.56 3909 3750 NA 3750

vl 1.55 :1.63 1.61 0.34 0.32 o.46 NA 1.61 0.37 0.34 0.50 4606 4485 IA 4485
S•.o I-.• I••I .• .•5 o.• .• .• .• .• .• •60 14,85 NA 4485

1.30 .3 1.35 0.28 0.25 0.34 NA 1.32 0.3-1 0.28 0.42 4606 14485 NA 4485
1.55 1 .66 1. 64 0.48 0.32 0.53 NA 1.64 0.48 0.35 0.55 4606 445 NA 4485 3

.3 1.36 1.36 0.39 0.25 0.44 NA 1.3h 0.30 0.28 0.47 4606 4485 NA 4485

1.00 1.38 1.i 0.43 0.41 0.38 NA 1.40 0.42 0.47 0.58 3909 3750 NA 3750

1.1o0 1.14 0.32 0.21 0. NA 1.14 0.31 0.22 0.38 3909 3750 NA 3750

1.00 i.06 1. 07 0.311 0.22 0.39 0.26 . 3909 3750 NA 3750

1.00 1.10 1.11 0.31 0.27 0.38 NA 1.10 0.30 0. 32 0.41 39909 3750 NA 3750

1.60 .7 1.76 0.5 05 .0 NA 1.75 0.45, 0.-63ý 0.76 3909 3750 NA 3750

•!••o!•. I-. o. o•o .• . •. o• •• .• 3909 3750 NA 37501-- -- -_I -2.00 2.24 2.21 0.97 0.99 1.06 NA 2.2) 0.89 1.18 1.24

1.0 1.42 1.45 0.44 0.40o 0.56 NA 1.45 0.42 J.47 0.59 3909 3750 NA 3750

- - __ _ _ - i izii -
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"[ TABLE I - Continued

Load- ~Cs.be ILeg
SlUng Type CG I Failed Failed Man Speed Nz LFT LFV LFDH LFS U LFP FT LFV

Sigmax C H H H H L LIY
SContainer --- -

4 G 4 Pt/O Leg Mid Nu NA VTO 0 1.o0 1.65 1.65 0.48 0.32 0.55 NA 1.66

ONwd Lea. Aft NA SDPO 110 1.90 2.10 2.10 0.56 1.08 1.11 NA 1.91

OS Fwd Left. Aft NA SDPO 105 1.45 1.55 1.55 0.39 o.514 0.71' NA I.14_

SLeft Aft NA Ril 100 1.25 1.33 1.36 0.25 0.31 0.36 NA 1.33

S Fwd Left Aft NA RR 100 1.10 1.14 1.14 0.22 0.22 0.30 NA i.1-

12 Fwd 'LzfL A.L A VTO 0 1.55 1.6i 1.67 0.23 0.21 0.25 NA 1.62
12s Fwd Left Aft NA VT0 0 1.30 1.35 1.37 0.17 0.16 0.18 NA 1.3?

Block I___t- - ___

S Pt/4Leg SDP0 115 __.75 1.91 .87 0_.10 0.39 0.-0 1.96 1.9--

3 NA _ No SDPO 110 1.4o 1.39 1.39 0.09 O.lh o.114 1.42 1.41
11 NA No No RR 100 1.40 1.70 1.68 0.11 0.48 o0.48 1.74 1.71
lhS NA I N No PRF 100 1.15 1.22 1.22 0.06 0.39 0.39 1.25 1.22

:151 NA No VTO 0 1.50 1.53 1.53 0.07 0.09 0.19 1.58 1.53

ptZ5S NA No No VTO 0 1.30 1.30 1.30 0.07 0.09 0.19 1.33 1.3

Block !
1I3G 1 Pt. Leg No SDPO 115 !.70 2.01 1.98 0.20 0.49e 0.50 2.43 2.4

-14G HA %c No RR 100 1.35 1.57 1.514 0.05 o.48 o.48 1.9o 1.6

N15 NA No No N 0 1.55 1.57 1.57 o.12 0.19 0.19 1.90 1.

E m p t y _ - --.
Container I -

I Pt/4 Leg NA No No SDP0 80 1.75 3-35 3.27 1.37 0.2S 1 -.37 3.60 3.1

-16S NA No No SDU 35 2.15 2.09 0.60 o.14 0.60 2.26 2.

17 NA ,!' ý No RR 80 1.30 2.20 2.15 o0. 54 o.96 o.99 2.27 2.

'17S NA No No RR 80 1.10 1.76 1.71 0.42 0.48 D. 5k 1.9" 13.

18 NA No No VTO 0 1.75 1.91 1.90 0.J4  0.2•1.." 2.-P 1 .
___ -. 5 -- -Zoz 1*- _

*18S NA No No VTO 0 10 1.53 0.12 1.56 1.ý

Container -

19 1 Pt/). Leg Mid No No SDPO 100 ".2 1.55 1.51 0.39 0.2L 3.1. 1.63 1.
-~~~~ -A._--19s Mid No No SDPO 100 1.35 1.46 1.44 0.22 0.10 0.23 .l4• 1.•

19M 1Mid No No SDPO 100 1.:45 1.514 1.53 0.24 0.06 (1,24 1.56 1.•
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STABLE I- Continued

II.LF"-L -FV IFD -S - -FP T
U.' LV LFDH LFS LL J.FD PL L VHS TLS VLS

•.65 1.65 o..48 0.32 0.55 NA 1.66 o.46 0.35 0.55 39C9 3750 NA 3750

_.10 2.10 0.56 1.08 1.11 NA 1.91 1.08 2.15 2.18 7850 7510 NA 7510

.55 1.55 0.39 0.5o4 0.77 NA 1.44 0.76 0.77 3.36  7850 7510 NA 7510

.33 1.36 0.25 0.31 0.36 NA 1.33 0.21 o0.61 0"62 7850 7510 NA 7510

.14 1.14 0.22 0.22 0.30 NA 1.14 0. 19 0.2 0.50 7850 7510 N.A 7510 -

.. 61 1.67 0.23 0.21 0.25 NA 1.62 0.31 0.46 o.4.f 7850 7510 HA 7510

.35 1.37 0.17 0.16 0.18 NA 1.32 0.26 0.39 7850 7510 NA 7510

93 1.87 0.10 0.39 o.4o 1.96 1.96 n.42 0.21 o.46 115000 15000 3860 3750

•.39 1.39 0.09 0.14 0.14 1.42 1.42 0.30 0.15 0.34 15000 1 5U00 3R60 3750

;70 1.68 0.11 o.48 o.48 1.74 1.74 0.37 0.18 0.41 115000 15000 3860 3750

.22 1.22 0.06 0.39 0.39 1.25 1.25 0.27 0.13 0.30 k15000 15000 3860 j750

-54 I.54 0.11 0.19 0.19 1.58 1.58 0.33 0.17 0.37 150oo 15000 38601 3750-

.30 1.30 0.07 0.09 0.11 1.33 1.33 0.28 0.14 0.32 15000 15000 3860 3750

.1 1.98 0.20 0.49 0.50 2.43 2.06 0.44 0.22 0.49 15000 15000 3860 3750

i57 1.54 0.05 0.48 0.48 1.90 1.61 0.34 0.17 0.38 15000 15000 38601 3750

57 1•_-5 0.12 0.19 0.19 1.90 1.61 0.34 0o.17 IU38 15000 15000 3860o 3750

•- - ! I - _ _ _ _. -I1'I -
35 3.27 i1.37 0 .2- 1.37 3.60 3.64 o.26 0.90 2.43 430oo Wo0 1210 1000
•15 2.09! 0.60 o.14 0.60 2.26 2.28 1.h2 0.57 1.53 h00O 400o 1210 1000

o20 2.15 0. 954 o.96 0.99 -2.2 2.29 1.42 0.57 1.53 140001 4 P-10 1000

•y6 1.71 0.42 0.48 0 c5'. 1 .9' 2.98 1.24 0.1!9 1.33 40001 4000 1210 1000
91 : 1.90 0 0 0 3 2.:I 1.95 0.49 1.31 40001 000 I 1210 1000

-3 - .- -9 31__ _ I -.1 1-0 0J
-3 1-.53 0.- 16 0.12 0.-- 1 56 1.57 0.98 0.39 .- 05 - ooo 4- C0 0 1000

1___ 0.3 0.2L _ _4_%t 1.3 1.65 1.0 1- * 1 -10 150k 4501155 5 3.9_ o.3 .. 15000 15000 14550 3750• .'1o•/o.o6 1 .A? 1 . 49 i .oo
~6 1.44 0.22 0.10 0.23 _____ 1__ 0.3 110.9000is 1455 375 I4 1.53 I 06 42 /1.56 .1 0.97 0.39 1.o4 15o0o0015000 4550 3750_1
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TABLE I - Continued

Loada - Cable Leg N
Run Sling Type CG Failed Failed Man Speed Nzmax LITC LFV LFDH LFSH LFPH

Container -

20 1 Pt/h Leg Fwd No No SDPO 100 1.Go 1.63 1.59 0.42 0.20 C.42
20S Fwd No No SDPO 100 1.35 1.149 1.49 0.25 0.06 0.25

21 Aft No No SDPO 100 1.65 1.55 1.49 0.38 0.31 0.43

22 -id No No li 100 1.45 1.71 1.68 0.36 0o.6 0o47

22S Mid No No RR 100 3.10 1.34 1.33 0.19 0.29 0.32

22M Mid No No RR 80 1.35 1.59 1.58 0.15 0.43 C.145

23 Fwd No No RR 100 1.40 1.68 1.65 0.30 0.50 0.51

23S Fwd No No RR 100 1.10 1.34 1.32 0.21 0.30 0.33

24 Aft No No RR 100 1.40 1.65 1.63 0.25 0.50 0.51

24s Aft No No RIR 100 1.15 1.33 1.31 0.19 0.32 0.34

25 Md No No VTO 0 1.50 1.58 1'. 586 0.13 0.16 0.17

25S Mid No No VTO 0 130 1.34 1.33 0.08 0.09 0.12-

25M Mid No No VTO 0 1.55 1 1.61 , 1.6i 0.09 0.-15 0.15-..

26 Fwd No No VTO 0 1.50 1.58 1.58 0.12 0.15 o.16-

26S Fwd No No VTO 0 1.30 1.34 1.33 0.08 0.08 0.i1

27 Aft No No TO 0 1.50 1.58 1.58 0.13 0.13 016

27S Aft No No VTO 0 1.30 1.34 1.33 0.08 0.09 0.12 ý

48M Mid No No APP 0 1.05 1.05 1.04 0.15 0.25 0.17
49M Mid No No XS 0 1.00 1.08 1.08 0.22 00,8 0.23
50M W d No No 'A 0 1.00 1.32 1.32 0.07 0.08 0 .45

51M Mid No No RPO 90 1.4o0 1.155 1.54 0.21 0.18 0.25

Container

31 1 Pt/4 Leg Fwd No Left Aft SDPO 100 1.737 1.63 1.61 0.41 0.17 0. 41

31S Fwd No Left Aft SDPO 100 i-0o 1 .50 1.49 0.25 0.09 0.25

32 Fwd No Left Aft RR 100 1.35 1.69 1.66 0.30 0.49 0 50:!

32S Fwd No Left Aft RR 100 1.10 1.3h 1.32 0.21 0.30 0.33.

33 Fwd No Left Aft .TO 0 1.55 1.6o 1.60 0.11 0.12 0.15-

133S _ _ Fwd No Left Aft '4O 0 1.30 1.35 1.35 0.07 0.09 0
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Continued

I T~~~ I • - -
-F TF H U H LF L Lyl L LFDL L SL U CS v S LS 'k I

0.42 0.20 0.42 1.71 1.62 1.02 0.39 1.09 15000 15000 5155 14500
0.25 0.06 0.25 1.55 1.47 0.92 0.36 0.99 15000 15000 5155 4500

9 0.38 0.31 o.43 i.6o 1.52 0.96 0.37 1.02 15000 i5000 5155 4500

,1 0.21 0.07 0.21. 1.44 1.37 o.86 0.33 0.93 15000 15000 5155 ý 500
0.36 o.46 0.47 1.75 1.77 1.09 o.44 1.17 15000115000 14550 3750

3 0.19 0.29 0.32 1.38 1.39 0.86 0.34 0.93 15000 15000 4550 3750

8 0.15 0.43 '.45 1.61 1.63 1.00 0.o0 1.08 15000 15000 4550 3750

5 0.30 0.50 0.51 1.76 1.6y 1.06 o.41 1.13 15000 15000 5155 4500

S 0.21 0.30 0.33 1.38 1.30 0.83 0.32 0.88 15000 15000 5155 4500

3 0.25 0.50 0.51 1.68 1.59 1.01 0.39 1.07 15000 15000 5155 4500

0.19 0.32 0.34 1.33 1.25 0.79 0.31 0.85 15000 15000 5155 4500

58 0.13 0.16 0.17 1.59 1.61 0.99 O.4O 1.07 15000 15000 4550 3750

33 0.08 0.09 0.12 1.34 1.36 o.84 0.34 0.90 15000 1500o 4550 3750

61 0.09 0.15 0.15 1.62 1.64 1.O1 O.4O 1.09 15030 15000 4550 3750

58 0.12 0.15 0.16 1.61 1.52 0.97 0.37 1.03 15000 15000 5155 140

33 1.o8 o.o8 0.11 1.35 1.28 0.8o 0.31 0.87 15000 15000 5155 4500"

58 o.--3 0.13 0.16 1.62 1.53 0.98 0.37 l.O4 15000 15000 5155 4500

'33 0.C5 0.09 0.22 1.35 1.28 0.80 0.32 0.87 15000 15000 5155 4500

O4 0.15 0.15 0.17 1.06 1.06 0.66 0.26 0.71 15000 15000 4550 1 3750

08 0.22 0.08 0.23 1.09 1.10 0.68 0.27 0.73 15000 15000 4550 3750

.32 0.07 o.45 o.45 1.35 1.36 o.84 0.34 0.91 15000 15000 14550 3750

514 0.21 0.18 0.25 1.56 1.58 0.97 0.39 1.05 15000 15000 14550 3750

.61 0.1I1 0.17 0.111 1.55 1.46 0.92 0.35 0.99 15000 15000 9500 8380

.49 0.25 0.09 0.25 1.42 1.34 0.84 0.33 0.91 15000 15000 9500 8380
66 - - 1.59 -1 15 --00

.66 _0.30 0.49 0.50 1.59 1.49 0.94 0.36 1.02 15000 15000 9500 8380

.32 0.21 0.30 0.33 1.26 1.17 0.74 0.28 0.79 15"00 15000 9500 8380

-6 1 -. -.1 -.1 -.5 -.2 - -

.60 0.11 0.12 0.5 1.51 1.142 0.90 0.35 0.96 15000 15000 9500 8380
• 35 0.07 0.09 0.11 1.28 1.20 0.76 0.29 0.81 I15000 15000 9500 8380

-100 15000 950o 8 3 ..--. -
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TABLE I - Concluded

Load Cable Leg
Run Sling Type CG Failed Failed Man Speed NZmax /T C LFVH LFDH LFSi LFPu L1TL

28 1 Pt/h Leg NA No No SDPO 115 1.3) 1.80 1.79 0.16 0.24 0.24 2.37

28S NA No No SDP, 110 1.45 1.62 1.62 0.10 0I.0 0.13 1.90

29 NA No No RR 100 1.30 1.67 1.66 0.22 0.25 0.27 3.12

29S NA No No RR 100 1.10 i..41 1.14o 0.12 0.20 0.20 2. '•4

30 NA No No VTO 0 1.55 1.86 1.86 o.i1- 0.14 0.17 1.86
30S NA No No VTO 0 1. 1.56 1.58 0.09 C.12 0.15 1.56

- ov-I- -,

OV-1 --- - __ _ - - - -

34 1 Pt/3 Leg NA No No SDPO 115 1.90 1.34 1.34 0.15 0.20 0.23 1.50

34S. NA No No SDPO 110 1.40 1.15 1.15 0.08 0.11 0.12 1.27

35 NA No No RR 100 1.145 1.30 1.30 0.15 0.39 0.39 2.08
35S NA No No RR 100 1.15 1.o4 1.o04 o.o6 0 .25 0.26 1.5i

36 NA No No ViTIO 0 1.55 1.88 1.88 0.11 0.20 0.20 1.9q

36S NA No ,' VTO 0 1.30 1.61 1.61 0.07 0.11 0.12 1.61

Block

37 1 Pt/l leg NA No No SDPO 1l25 1.85 1.93 1.93 0.17 0.34 0.38 !.91

37S NA No No 2DPO 115 1.40 1.41 1.40 0.09 0.15 0.16 1.4

38 NA No No Pa 100 1.35 1.46 1.45 0.06 0.23 0.23 1.14

38S NA No I 1ho RR 100 1.10 1.15 1.1i4 0.04 0o.i8 0.18 1.1

39 NA No No VTO 0 1.55 1.58 1.158 0.07 0.11 0.12 1.5
39S EA No No VTO 0 1.30 1.32 1.32 0.05 0.09 0.09 1.

Brooks & Per-
40 kins Pa1let Mid NA No VTO 0 1.55 NA 1.64 0.42 0.514 0.66 1.61'
-os Mid NA No VTO 0 1.30 NA 1.39 0.35 1 146 0.56 1.3

41 ?wd NA No VTO 0 1.55 NA 1.58 0.38 0.54 o0.5Q i.1
41S Fwd NA No VTO 0 1.30 NA 1.35 0.30 0.46 0.50 1.21

42 Aft NA No VTO 0 1.55 NA 1.58 0.37 0.53 0.59 1.4

142S Aft NA No 170 0 _1.30 NA 11.32 0.32 o.146 o.4ý4 i.1
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TABLE I - Concluded

- C] LFVLFD i IL L __ L UL 'JL TCs VHS TLS IL'

*8o 1.80 1.79 0.16 0.24 0.24 2.37 2.02 3.00 0.26 3.01 12990 32990 5790 3840

45 1.62 1.62 0.10 0.10 0.13 1.90 1.5 4  2.42 0.21 2.4.3 129.20 12990 5790 384o

• 30 1.67 1.66 0.22 0.25 0.27 3.12 2.52 3.95 0.34 3.96 12990 12990 5790 3840

10 -.41 1.40 0.12 0.20 0.20 2.24 1.80 2.83 0.25 2.84 12990 12990 5790 3840
55 1.86 1.86 0.1- O.14 0.17 1.86 1.93 2.04 0.18 2.04 12990 12990 5790 3840

.30 1.56 1.58 0.09 0.12 0.15 1.56 i.6)4 1.73 0.15 2.73 12990112990 1790 3840

.-90 1.34 1.3 0.15 0.20 0.23 1.50 1.50 0.59 0.24 0.59 1152011520 4920 4750

.40 1.15 1.15 0.08 0.11 0.12 1.27 1.26 0.49 0.20 G.49 11520!11520 4920 4750

.45 1.30 1.30 0.15 0.39 0.39 2.08 2.07 0.51 0.33 0.55 11520 1.1520 4920 4750

.15 l.o4 l.O4 0. 6 0.25 0.26 1.51 1.51 0.43 0.24 0.43 11520 11520 4920 h750

.55 1.88 1.88 0.-1 10.20 0.20 1 94 1.93 0.82 0.31 0.82 11520 11520 4920 4750

.30 1.61 1.6± 0.07! 0.11 0.12 1.63 1.63 0.69 0.26 0.69 11520 415LO 4920 4750

- .6 - - -: - --7 -1. -, -11211- -

1.85 1.93 1.93 0.17 0.3" 0.38 1.93 1.93 0.04 0.02 0.04 15000 15000 15000 15000•oI•.0 -A.,31-1o I0.• .38 1.93• 1.93 m4 o 0 .02 oAo 15000 1oo•oo•o
.40 l. h 5 1.40 0.09 0.15 o.16 J.3 1.41 10.01 0.01 0.01 15000 1500 15000 150C

i1.35 4 6 1.45 m6 0.2 .46 1-.47 0.04- 0.0 0.05 15000 15000 15000 15000

•1.10 1.15 1-14 o0o.4 0.18 0.18, 1.15 1.15 0.01 0.02 0.02 15000 15000 15000 15000

1.55 1.58 1.58 0.07 0.11 0.12 1.58 1.58 0.02 0 0.02 15000 15000 15000 15000S- _--

1.30 1.32 1.32 0.05 0.09 0.09 1.32 1.32 0.01 0 0.01 15000 15000 15000 150U1

1.55 NA 1.64 0.42 0.54 0.66 1.60 1.56 0.27 0.28 0.35, NA 3750 2250 3264J

1.-30 WA 1.39 0.35 0.46 0.56 2.34 1.30. 0.22 0.23 0.29 VA 350- 2250 I3264
1.55 NA 1.58 0.38 O.54 0.59 1.42 1.56 o0.37 0.29 0.4• NA 4701 2537 1 3260

1.30 NA 1.35 0.30 0.46 0.50 1.20 1.31 0.31 0.25 0.39 NA ' 4701 2537 3260

1.55j NA 1.58 0.37 0.53 0.59 1.44 1.56 0.36 0.28 o.4d5 NA 4701 2537 3260

_1.30 NA 1.32 0.32 0.46 o.,9 1.19 1.31 0.31 o.24 0o.38, AlA 4701 2537 326U

1 o



"TABLE II. SLING AND RARDPOINT STATIC TRIM LOAD FACTORS
S- .[--. - - - - . - -

Load - Sling Type CG Speed LT IF- LF LFS L ?I' LFV
_ _ _ _ _ -FD CFS 1111 L`L 2L LD FL

.er - 4 Pt/0 Leg Mid 0 1.02 1.02 0.30 0.19 0.35 NA 1.02 0.30 0.19-

wNd 0 1.01 1'02 0.21 0.18 0.27 NA 1 0.21 0.18,

_Aft 0 1.03 3.02 0.28 0.18 0.33 NA 1.02 0.28 0o.18
4id 1.03 1.02 0.16 0.36 WA 1.02 0.31 o.16

- t j. .05 1.03 32 0.15 NA0.34 1 .3?

Aft ii.• 1.01 1.01 0.23 0.16 0.25 NA 1.01 0.23 0.1

er-
Leg; 1 cable failed Fwd 0 1.00 .o 0.16 0.08 0.16 NA 1.04 0.16 o0.0-

1 Pt/N+ Leg'NA o0 1.01 1.0o. 0.03 0.05 0.06 1.02 a.02 0.221 0.

NA 115 1.00 1.00 0.05 0.03 0.06 1.02 1.02 0. 0.0

ýContainer - 3. Pt/h Leg NA 0 i 1.11 o1.oL .4 0.06 0.07 2.34 1.14 o.fR 0.21

A 80 1.60 1.57 0.33 0.03 0.34 1.70 1.69 1.06 O.

er 1 ?t/4 Leg Mio 1.o4 ,.0,.4 0.03 3.06 0.06 1.05 1. 6 0.65 0.'

_wd 0 1.04 1.04 0.03 0 .0. 1007 1 L. 3 0.99 u.62 0.

Aft 0 .o4 1.04 0.03 0.05 .06 .- .99 o.62 I O

__________ Mid 100 ).21 1.20 0.17. 0.05 0.17 . 2 *7 0.80 0.

N~d 100 1.16 1. 1- 0.18 10.05 0.19 1 . IS u -73 0.

Aft 100 1.18 1.17 0.17 0.03 0.17 1.17 1.11 o.70, 0

ner - 1 t/4 Leg; 1 Leg failed Nwd 0 1 -.04 1.04 0 .0 03 .06 J.07 0.99 0.93 10 .59 0.J1

-d loo f_1.16 1.14 0.18 o0.05 0 .- 1.05 0.98 0.62 0.1

-1Pt- -Leg NA 0 0.
?/Le.NA 0 1.25 1.25 !0.04 0.071 0.08 11.23 12 135 0

INA 1i3. _1.29 11.28_ 0.11+ 0.04 oa 0 14 -151 11.17 1.95 _0.____-___ _ __ _ o_ __ -.--
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SLING AND HARDPOINT STATIC TRIM LOAD FACTORS

-Sed I?. FJ L l LS LPILTI L/I LDILS
-.peed LFTC L"H LlI HFS H LFiL L VL LFDg LFSL LFPL

0 1.02 1.02 0.30 0.19 0.35 NA 1.02 0.30 0.19 035

d 0 1.01 1102 0.21 0.18 0.27 NA 1.02 0.21 '0.18 0.27

0 1.03 3.02 0.28 0.18 0.33 NA 1.02 0.28 0.38 0.34

'd ,lc. 1.03 1.02 0.33 0.16 0.36 NA 1.02 0.31 0.16 0-36

." .05 1.03 ).32 0.15 0.34 NA 1.03 0 0.3? 0.15 0.34

1 1.0 0.23 0.16 0.25 NA 1.0) 0.?3 0.16 0.25

io 0 1.00 I.o4 0.16 0.08 0.16 NA 1.04 0.16 0.08 0.16

d 115 1.15 1.15 0.20 0.26 0.32 NA 1.15 0.20 0.26 0.32

0 1.01 1.01 0.03 0.05 0.06 1.02 13.02 0.22 0.11 0.2 4

115 1.00 1.00 0.05 0.03 0.06 1.02 1.02 O.LŽ ! 0.11 0.24

0 1.1 1.11 o.oi 4 0.06 0.07 i.o4 1.14 0.6A 0.23 0.77

- - - - _- - - •
80 1.60 1.57 0.33 0.03 0.314 1.70 1.6ot 1.0-6 0.142 114

d 0 l.04 1.04 0.03 c.o6 0.06 .05 l. 0.65 0.26 0.70

d 0 1.04 l.o4 0.03 0.0Cý 0.07 1.L3 0.9L u.62 "21 0.6"
0 1.04 1.04 0.03 0.05 0.06 1.03 0.99 0.62 0.2; I 0.Q7

-:%o 1.21 1."20 0.17. 0.05 0.17 - ).27 0.80 _0.31 0.8

d 100 1.1611 0.o1-8 0.05 0.19 1. 1. u7 0 2o8 0.78
100 1.18 1.17 0.17 03 0.17 1.17 1.13 0.70 0.1 7 0.75

a 0 1.o04 1.O4 0.03 0.06 0.07 0.99 0.93 1 0.59 0.23 0.63

1d 00 1.16 1.1,4 0.18 0.05 0.iY 1.05 0.98I 0.62 0.2L 0.67

0 1.25 1.25 0.04 0.07 0.08 1.23 1.27 1.35 0.12 1.36

S 13 1.29 1.28 0.14 0.04 _o.14 1.51 1.17 1.95 0.17 1.96

ii,[__
- - -= ~ % ~--> -- -



TABLE II Concluded

Load - Sling Type CG Speed LF.C LFV LFD L

1 Pt/3 Leg NA 0 1.28 1.27 o.o4 0.07 0.08 1.28 1.28 0.53-;
NA I115 i0.95 o.94 0.07 0.03 0.07 0.97 0.97 o.41.

Llock_- 3 Pt/il Leg HA 0 1.01 1.01 0.03 0.05 0.06 1.01 1.01 r,

IRA 15 1.00 1.00 0.05 0.03 0.06 1.00 1.00

Looks & Perkins Pallet Mid 0 mA 1.08 0.28 0.35 1 0.44 1.05 1.00 0.18;

w d 0 NA 1.05 0.21 0.35 0.39 0.96 1.00 0.23-

S il__ Aft 0 NA 1.05 0.21 0.34 0o.39 o.96 .oo0 o.23

I_ V-_d 115 NA 1.09 0.31 0.34 0.45 1.14 o .99 o.18;

Fw I d 115 NA 1.05 0.21 0.35 0 0.39 o.96 1.oo 0.231

-Aft- 115 NA li.O4 0.21 0.35 0.39 0.96 i 1.00 o0.23
_ __ _ _ -I I Ii1i - I
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W-7-

TABLE II - Concluded

CG Speed "LFTC LFVH LFDH LJST LFPH LFTL LFVL LFDL LFSL LL

N 'A 0 11.28 1.27 .0& 0.07 08 1.8 1.28 0.53 0.0 0.53

N IA 115 q.951- 0.94 0.07 0.03 0.07 0.97 0.97 O.Itl 0.15- 0.41

1A 0 1.01 1.01. 0.03 0.05 o0.06 1.o0 1.o0 o o o
NA 115 1.00 1.00 0.05 0.03 0.06 1.00 1.00 0 0.01 0.01

Mid 0 NA 1.08 0.28 G.35 0.44 1.05 1.00 0.18 0.18 0.22

FNd 0 NA 1.05 0.21 0.35 0.39 0.96 1.00 0.23 (1 .18 o.3o

Mi 115 N •!,A I•.o•, o.31 o.34 o.451.1.,,4 o.9, !o.A 0.18 0.22
-Fwd 115 NA 1.05 0.21 0.35 0.39 0.96 1.00 0.23 o.18 a.3

Aft 115 NA 1.05 0.21 0.35 0.39 0.96 1.00 0.23 0.18 0.30

I F

5 a a a

a - - -- - a

• ''
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sling load factor would decrease as N increased, after which the sling
load factor would decrease as N continued increasing toward its maximum
value. Such a plot would be ushless, and therefcre the load factQr data
are presented in tabular form.

During the study, time histories were evaluated before final reduction to
the data in Table I. It was found that for the maneuvers and load con-
figurations studied, the maximum value of tension during the dynamic solu-
tion always occurred in the leg or cable which had the highest static
valr-e of tension.

Mhe data in Table I indicate very little change in loaa factor with a
change in cg location of the load in the container.

The pallet runs contained a check to indicate if any of the sling legs
carried compressive loads due to the nature of the FRAN method incorporated
in this solution. Results from the pallet cases which were solved showed
that no legs carried compressive loads; therefore the pallet solution was
valid.

Table I includes the maximum speed at which each maneuver was flown for a
given load type. This speed was based on pilot opinion and overall con-
trollability of the helicopter-load system, plus the capability of the
CH-54A. The data from run numbers 10 and 10s are questionable because it
appeared that the container motion during the dive and pullout was great
enough to permit the container to strike the hell copter. This broken
cable configuration appeared to be rather unstable.

Table I shows that the load factors developed in sling members and hard-
points often exceeded the helicopter load factor which was pulled during
a maneuver. The design load factor N = 2.5 for the CH-54A was never
obtained in any of the cases simulated, yet this number was exceeded at
hardpoints or in sling members during runs 16, 28, 29, and 29s.

While the pilot was able to distinguish the presence of an externa.lly
suspended load by interpreting the response of the helicopter as indicated
by the cockpit instruments in the fixed-base rig, he had difficulty
recognizing the inertial properties or sling geometries of different
types of loads. With the addition of actual motion cues on the moving-
base rig, the pilot was able to easily recognize the inertial character-
istics of the load as well as distinguish the difference between methods
of suspending the load from the helicopter. Therefore, the addition of
motion cues increased the pilot's awareness of the response of the slung
load beneath him; and therefore, he would respond in a more realistic
manner.

The results of the same maneuvers flown on both the fixed-base rig and the
moving-base rig show in general that for the roll reversal and the vertical
takeoff, the moving-base runs yield slightly higher load factors than the
fixed-base runs. The differences here are small and may be due to any
random difference ithte pilot may make in flying the same maneuver at two
different times. These runs do show correlation between the two types of

PRFCEB1t1G PAGE BLAHN
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simulations, indicating that the motion cues which the washout program
calculates for the rig are vali d.

Comparing the results obtained for the fixed-base and the moving-base
runs of the symmetrical dive and pullout indicates. that higher load factors
were pulled during the fixed-base runs. Thns can be explaned after study-
ing the time histories of the pilot control input for these runs. (See
Figurej 23 and 24 in Appendix IV.) It was found that during the fixed-base
runs, the amount of longitudinal cyclic stick applied by the pilot was twice
as much as the amount he applied during the moving-base runs to begin the

pullout. This is the primary reason that the fixed-base load factors are
higher thun the moving-base resuLts. The fixed-.base maneuver was much
more severe than the moving-base maneuver in terms of load factors de-
veloped. With the addition of motion cues, the pilot uas reluctant to
pull back on the stick as much as he did during the fixed-base runs. This
reluctance is probably due in some part to the pilot's sense of restriction
in the moving-base simulation, as well as to his reaction to tLe motion
cues he receives from the load.

The fixed-base results in this case are possibly more meaningful because
they represent the actual c ;ability of the helicopter, while the moving-
base runs do not approach the load factors which can be produced by the
CH-54A.

The pilot was particularly pleased with the motion cues he received from
the load in hover maneuvers such as the control stick strokes and approach
to hover. The pilot was able to handle the loads in the approach over a
point. He did produce satisfactory pilot induced oscillations in the
stick stroke maneuvers.

Tables i and II present raw load factor data from the simulation. A
rational interpretation of these raw data is needed to convert them into
useful sling and hardpoint design criteria. The logic and mechanics of
this interpretation are presented in Appendix V. Appendix V also contains
preliminary plots of the modified sling and hardpoint load factor data
versus helicopter design load factor. Figures 31 through 44 were used
as working plots in eventually determining the design criteria.
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V

SLING AND HARDPOINT DESIGN CRITERIA

The data presented in Appendix V have been developed into sling and hard-
point design criteria, (Figures 14 through 21). These figures are plots
of sling and hardpoint design load factors versus helicopter design load
factor, as a function of slung load type. The specific loads studied in
the simulation are classified under more general slung load type categories,
and the notation used to denote the general types is:

STYPE I, B = Type I, bridle = block - 1 pt/ 4 leg

TYPE I, P = Type I, pendant - block - 1 pt/i leg
TYPE II, B = Type II, bridle = container - 1 pt/ 4 leg

TYPE II, 4 PT= Type II, 4 point = container - 4 pt/O leg

TYPE III Type III = empty container - 1 pt/ 4 leg

FWAC = fixed wing aircraft = OV-I Mohawk - 1 pt/3 leg

IHELO = helicopter CH-47 Chinook - 1 pt/ 4 leg

TYPE II, B - IMF = Type II, bridle, 1 member failed =

container - 1 pt/ 4 leg; 1 leg failed

TYPE II, 4 PT - IMF = Type II, 4 point, 1 member failed =

container - 4 pt/O leg, 1 cable failed

Tbe method for using the design criteria plots is outlined as follows:

1. For a given helicopter design load factor and slung load type,
select the corresponding sling and/or hardpoint load factors
of interest as indicated by the design criteria plots.

2. For a given slung load weight and cg location, calculate the
values of static forces which have been used to normalize the
data collected in step (1). A method for determining these
static values is presented in Appendix VI.

3. The actual absclute values of the maximum force developed
dynamically in the sling members and/or hardpoints being investi-
gated are then found from the data collected in steps (1) and
(2) according to the formulas

59

- - - - r



s V•. LS H (143)
max max

VL VL -• uvL (144)
max max max

DL VL • LFDL (145)
max max max

VL max v -. S ' aX (146)
max max max

T - T.. . LFI (14T)
max max max

The strength of the sl•ng members or hardpoints should be based
on these absolute values of forces solved for fram eqs (140)
through (147). The drag force D, side force S, and vertical
force V are the components of force along the appropriate
helicopter or slung load body axis X-, Y-, and Z- directions
respectively.
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-•Figue 14. Maximum Dynamic Cable (Pendant) Tension Load
.• Factor vs Helicopter Design Load Factor.
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5- 1>.-IHELO
---- --- TYPEII,B74o IMF

-JO z

-in_j -3 TYPEIB
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CO 4 /TYPEI,P

OI I
NZ-ji ~ U-

0 U. 2 -

Figure 15. Maximum Dynamic Leg (Bridle) Tension Load
Factor vs Helicopter Design Load Factor.
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S5-I " TYPEM
) .j ,..TYPE 31
a 4PT-IMF

X TYPEI, S4P

-~ w) 3 - -- - -TPEIt aW z TYPEII, B
- >n- ._ _TYPEI, PU.<U HELO
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-0 4

3
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Figure 16. Maximum Dynamic Helicopter Hardpoint Vertical
Force Load Factor vs Helicopter Design Load Factor.
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Figure 17. Maxitxm Dynamic Helicopter Hardpoint Drag Force
Load Factor vs Helicopter Design Load Factor.
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SFigure 18. Maimum Dynamic Heli :opter Hardpoint Side Force

Load~ Fact•or vs• Helic~pter Design ILo Factor°
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Figure j 9. Maximum Dynamic Slung Load Hardpoint vertical ForceL~oad Factor vs Helicopter Design Load Factor.
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DISCUSSION OF DESIGN CRITERIA

The sling and hardpoint design criteria presented in Figures 14 through 21
were created from pertinent data selected from the preliminary plots appear-
ing in Appendix V. The design criteria plots are the hie'hest load factor
data points found for each of the corresponding slung load types in the
figures in Appendix V. Some of the slung load types are separated as a
function of the slinging arrangement because different load factors are
developed for the same slung load for different sling arrangements. In-
plane force data at hardpoints have been omitted from the design criteria
plots.

None of the data from cases run with gusts are incorporated into the design
criteria plots. Two slung load types were simulated with gusts, and the
data from these cases do not indicate the existence of any standard correc-
tion by which the load factor data for all the slung load types can be
adjusted to account for gusts. Also, the change in sling and hardpoint load
factors due to gusts is a function of the magnitude, frequency, and shape of
the gust. Therefore, to avoid confusion and misinterpretation of any design
criteria, the gust data collected for this study have been omitted from
Figures 14 through 21.

Load fa tor data obtained for the two slung load types simulated on the
moving-base rig were not incorporated into the design criteria plots, since
the moving-base values were usually not critical. In a few instances in
which the moving-base load factor values exceeded the fixed-base values,
the difference was small enough to be attributed to variations in pilot re-
action between two executions of the same maneuver. The maneuvers simulated
on the motion system which were not high load factor producing maneuvers did
not produce critical values of forces in slings and hardpoints. However,
in some cases tnese min euvers did produce higher values of forces than were
produced during some of the high load factor maneuver cases.

Load factors obtained for the pallet have not been incorporated into the
design criteria plots. The purpose for simulating the pallet cases was to
gather data which would represent landing impact loads, anticipating the
possibility that these loads might be larger than the loads developed during
any of the runs with the container slung from f1ur helicopter hardpoints
(this was the only slung load type which would allow the helicopter to
land). In almost all instances, the container - four-point data had higher
values than the pallet data. The few instances in which the pallet load
factor data values were higher are attributed to the difference in sling
geometry between the pallet and container configurations. Therefore, the
pallet data were not included to avoid confusion and misinterpretation and
also because the pallet load factor values were not critical when compared
to the container - fo'-r-point data.

The dotted line plots in Figurc 14 znrough 21 represent slung load types
with broken sling members. In the load factor working plots included in
Appendix VI, the failed sling member data were nondizensionalized by the
static values of the failed configurations as indicated in Table I.
However, the failed member data presented in final form were

69



nondimensionalized by the appropriate nonfailed static values (for the for-
ward cg location) for the dotted line design criteria plots, since this
method does not require an additional calculation of static values for the
failed configurations. The failed sling member data should be used to I
design for fail-safe cases only.

Some restrictions in the use of the design criteria plots should be noted
here. The data presented in Figures l4 through 21 should be usee directly
only for the specific sling and hardpoint geometries simulated for each
slung load type in this study. The dynamic load factors represented in
these figures are superimposed upon the static load factors carried in sling
members and at ha..-dpoints, and the static load factors are a function of the
specific geometry of the -±inging configuration and hardpoint locations.
A method for applying the design criteria data determined by this study to
any sling geometry for a given slung load type is being dev-loped under
contract with the Army. The method being developed under this contract
will be applicable to any slung load type and sling geometry exccpt for
slung load types which are characterized by relatively large aerodynamic
moments - specifically, the fixed-wing aircraft and helicopter. In th,'se
cases the interaction between the aerodynamic moment and the restoring
moment provided by the sling members cannot be accounted for by only a
geometry correction applied to the design ciiteria data developed in this
study.

The method outlined here and in Appendix VI for using the design criteria
data plots implies the generalization that all cables, legs, helicopter
hardpoints, or slung load hardpoints for a specific slung load and sling
geometry are designed to the same strength regardless of any difference
in the static values of forces these members may carry. This generaliza-
tion is necessary because during the study it was found that for a maneuver I
with a given slung load, the forces developed in different slings and hard-
points did not increase in the same proportion. The design criteria data

reflect only the maximum forces developed. Thus, some sling members or
hardpoints may be overdesigned.

This approach was adopted, since the alternative would be to match the
hardpoint on a load with the rated strength of a specific leg of a sling
assembly. The sling would thus be oriented in a specific L.-uner with
respect to the load. Since slings are used for a variety of cargo, this
approach is obviously impractical.
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f,1
CONCLUSIONSI

1. The simulation indicated that the load factors developed in slings
and hardpoints often exceeded the basic helicopter load factor de-
veloped for many of the maneuvers and slung load configurations which

• were simulated. Occasionally, the sling and hardpoint load factors
were two or three times as great as the basic helicopter load factor.
In some instances the sling and hardpoint load factors exceeded the
design limit load factor of the helicopter, although the helicopter
normal load factor never reached this value for any of the simulated
fruns.

2. In almost all cases, the symmetrical dive and pullout maneuver provided
the critical load factor values which were used as a basis for the
design criteria.

3. At different hardpoints on the slung load, the forces do not
necessarily vary in the same proportion at all locations during a
maneuver. For example, during the symmetrical dive and pullout with
the CH-47 as the slung load type, the maximum vertical force developed
at the rear hardpoints on the slung load was 280 percent of the static
value at the same hardpoints, while the maximum vertical force at the
front hardpoints was over 400 percent of the static value at these
hardpoints.

4. The density of the slung load is an important parameter in determining
slung load type general categories because load factors vary a great
deal with density. The empty container and full container slung load
types illustrate the effect of density; the load factbrs for the empty
container were nearly 200 percent greater than they were for the fully
loaded container.

5. Results from the simulation indicated the importance of representing
all the major aerodynamic loads on individual slung load couafigura-
tions.

6. The failed member data indicate a substantial increase in loading
compared ` the nonfailed configurations. T.ipically, the failed
configura. .n load factor data were about 170 percent greater than the
nonfailed data, although this difference was as high as 310 percent in
some instances. However, the failed configuration data do not indicate
any universal change in load factor values which could be applied to
all sling and hardpoint load factor parameters or to all slung load
types to account for the possibility of failure of sling members.

7. Results from the moving base simulation showed that motion cues are
most important in maneuvers where the pilot response is primarily a
function of load motion. Some of the nonload factor producine.
maneuvers actually created larger sling and hardpoint load factors
than -ware . 'U.y some or the nigh load factor producing aneuvers,
but none of these were critical values.
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8. Mhe data from the fixed-base simulation runs were used for formulating
the design criteria. The data gathered from the moving-base runs
indicate some conservatism in the fixed base data. Me limited
selection cf maneuvers simulated with the motion system were not
identical to the same maneuvers done on the fixed-base rig (particu-
larly the symetrical dive and pullout) on which the majority of the
information was gathered.

S9. The slinging geometry (bridle or cable acuteness) used for attaching
the external load to the helicopter is an important parameter in
determining the maximum forces developed in sling members and
hardpoints.

10. The simulation approach for determining dynamic load facto-s in slings
and hardpoints as a function of helicopter normal load factor proved
to be an adequate and easily usable method, yielding valid results.

11. A two-phase approach to the problem of collecting load factor data from
the simulation proved desirable in obtaining pertinent data. A
real time solution was needed to obtain pilot response, while a non-
real time solution was used to solve for load factors in ell slings
and hardpoints.

12. Since the sling and hardpint load factors for a given slung load type
appear to be functions of the slinging arrangement, particularly the
nmber of legs used in forming the bridle, sling geometry parameters
should be investigated more closely with regard to their effect on load
factor values.

13. Additional slung load types with failed sling members should be in-
vestigated by the simulation program. A more thorough design criteria
study would be beneficial to investigate other slung load types which
are less stable than those already studied and which can create oscil-
lations while suspended due to sensitivity of the orientation of the
slung load.

14. A detailed study is recommended to establish the gust parameters that

affect load factors; these parameters should be varied through a
selected range during the simulation. All slung load types of interest
should then be simulated with the selected gusts added to the program,
thereby producing proper information for determining any change in
design criteria as a function of gust type.
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APPENDIX I

MILITA VEHICLES AND E&UIPbME AS EXTERNAL HEL C0PTV.R LOADS

SMALL TRAILERS AND TRAILER MOUNTED EQUIPMENT

Description Weight ( Ib) Load Type

High Power Illi•nator, Hawk w/trlr AN/MPQ-39 9300 II
Radar, Pulse Acquisition, Hawk w/trlr

AN/MPQ-35(XO-5) 8800 I, II
Radar CW Acquisition, Hawk AN/MPQ-34 4900 II
Range Only Radar, Hawk AN/MPQ-3T 5005 II
Launcher, Zero Length XM-78E3 Hawk 4380 II
Chassis Trlr, 2 ton, 2 whi, M390C w/missile pallet,

w/o missiles 48oo II
Shop Equipment, GM, Organizational Maint. AN/NSM-43 5500 I
Battery Control Central, Trlr Mtd. AN/MSW-9(XO-l) 8170 II
Generator Set, DED, Trlr Mtd. PU 239 D/G 4250 II
Generator Set, 20 Kw Diesel PU 239 4450 II!Generator set, 45 Kw PU 648/M 4700 II
Lubricating & Servicing Unit, Trir, Mtd. PWR Operated 5150 1i
Trailer, Water Tank, 1 1/2 ton, 2 whl, M107A2 2380 II
Trailer, Water Tank, 400 Gals. M149 2550 ii
Compressor, Rotary, 315 COH w/trlr 9550 I, II
Trailer, Floodlight 5 Kw Type MC-2 2600 II
Generator Set, Diesel Engine, TrIr Mtd. PU-482m 4900 II
Generator Set, DED, PU-239 E/G 4200 II
Welding Machine, ARC, DED 5250 Ii
Generator Set, DED, 20 Kw Trlr Mtd. PJ-344G 5650 II
Generator Set, DED, 30 Kx Trlr Mtd. PU-4823 5000 II
Engine, Diesel for Savmill Model 3029-C 95 H.P. 4320 II
Bath Unit, Trlr Mtd., 24 Head, EC8B-57, EC8B-61 6220 I
Central Office, Tclephone AN/MTC-l Generator Set

PU-619/M 10 Kw Trlr Mtd. 4090 II
Floodlight Set, Trlr Mtd. 5 Kw. 2820 II
Weapons Loader - SATS M12 A/S 32K-1 5440 I, II
Trailer, Tank Lox 150 Gallon, 4 wheel 3180 II
Trailer, Air or Nitrogen Servicing 2400 I, 1I
Dolly, Trailer Converter, 6 ton, 2 whl. M197A1 2880 II
Trailer, Tank, Liquid Oxyren, 500 Gal. 7210 II
Trailer, Tfunk, Liquid Nitrogen, 500 Gal. 7019 II
Generator Set, DED, Trlr Mtd. PU-587/M 2282 I, II
Laundry Unit, Trlr Mtd. 9000 II
Dolly, Trailer Converter, 18 ton, M199 7700 I
Cryptographic Center, Mob: le AN/MSQ-42S-222 3200 II, III
Trailer, Cargo 1 1/2 ton, 2 shl. M105A2 2750 II
Water Purification Unit 600 Gph Trlr Mtd Model

A-800011 3000 II
AN/TSC-15 Communications Central in M105 Trlr 4750 II
Generator Set DED, PU-463/MRC Mtd. in MlOlAl 2350 II
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Generator Set, PU-670G on M101Al Trlr (NHR ACC. GP)
A-8439/TRC-97C 2,640 II

Generator Set, E'U/357 Trfr Mtd. 2,510 II
Radio Set V334/TRC-97 in MI01 (Gen. & Ant. only) 3,590 II

2-1/2-TON TRUCK MOUNTED EQUIPMENT

Truck, Cargo, 2 1/2 ton, 6 x 6 M33Ai w/winch 13,530 II
Truck, Cargo Dropside, 2 1/2 ton, M35A2C w/o winch 13,000 II
Truck, Tank, Fuel Servicing, 1200 gal. 2-1/2 ton,

6 x 6 M4A2C 14,470 II
Truck, Cargo, 2 1/2 ton, 6 x 6 v/winch M36 15,240 II
Truck, Van, 2 1/2 ton, 6 x 6, M109A3, w/o winch 15,881 II

- TRUCK M0 D EQU MT

Truck, Ambulance, 1-1/4 ton, 4 x 4, M725 w/o winch 6,400 II
Truck, Cergo, 1-1/4 ton, 4 x 4, M715 v/vinch 5,500 II

LARGE ENGINEMR EQUIPMENT

Crane, Anithony, M65 (Sectionalized Boom) 20,O00 I, II
Mixer, Concrete, 6 cu ft., Trlr Mtd, GED 3,225 II
Grader, Road, Towed 125--m61 12,100 II
Mixer, Concrete, Trlr Mtd., 16 cu ft., Model 16S-2A 6,200 I
Tractor, Compressor, Wheeled, 125 CFM 5,810 II
Loader, Scoop Type, Sectionalized TL-16SMD-G.M. 19,000 I
Compressor, Reciprocating, Power Driven, C0H 105 CFM 6,000 II
Roller, Road, Towed, 13 Wheel, Pneumatic R-13 4,120 I
Mat, Beaching, Woven Wire 33 Joined Section I
Electric Power 1iat NC-5 6,200 II
Bridge Fixed Span MAT6 #1 35 ft. Section 12,390 I
Bridge Fixed Span M4T6 #2 35 ft. Section 12,390 I
Boat Bridge 27 ft. A-27 Bow Half 1,300 III
Boat Bridge 27 ft. A-27 Stern Half 5,000 II

3/4-TON TRUCK MOL.NTED EQUIPMENT

Radio Terminal AN/MRC-62 TRK Mtd in M37 7,400 II
Truck, Cargo, 3/4 to., 4 x 4, M37, v/winch 5,917 II
AN/TSC-15 Communications Central in M36 Truck 8,500 II

SRadio Terminal PN/MRC-62A MTD in M37 7,500 II
Radio Set AN/TRC-97 MTD in M37 7,700 II
Radio Terminal AN/MRC-63 MTD in M37 7,400 II
Radio Set V334/TRC-97 MTD in M37 7,640 II
Radio Set AN/MRC-60 TRK MTD in M37 7,200 II

1/4-TON TRUCK MOL1TED EQUIPMENT

Radio Set AN/MRC-83 Mounted in M38A1 3,190 II
AN/MPC-lI0 Radio 2,605 II
Radio Set Central AN/MRC-87 M170 3,489 II
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I Truck, Utility, 1/4 ton, MISI 2,400 II
Truck, Ambulance, Front Line, 1/4 ton, 4 x 4, M718 2,780 II
Truck, Firefighting, 1/4 ton, Model 3088-1 3,450 II[t

LARGE TRAILERS

Semitrailer, Cargo, 12 ton, 4 whi, M127A2C 14,240 I
Semitrailer, Low Bed, 25 ton, M172A1 14,860 I
Low Pressure Generating Plant, Mobile, Liquid

Oxygen/Nitrogen 15,2!00
Semitrailer, Van, Expansible, 6 ton, M313 14,700 II
Weapons Trailer AN-32U-13, Airborne Armament Maint. 6,000 I

Truck, Forklift, RT-ART-30 3,375 ,II
Truck, Forklift, DED, RT-RUF-060 18,000
TTruck, Forklift, Gar., 6000 ib cap 9,62o

: MISSILE CAN

Guided Missile, Canned, MTM-23A IN xm430 3,245 II, III

AIRCRAFT TOWING TRACTORS

Tractor, Aircraft Towing, Garwood 5,800 I

TRACKED VEHICLES

Carrier, Cargo, Amphibious, Tracked M1I6Al II, II!
Carrier, Cargo, Amphibious, Tracked M4733 (Armored)
Loader, Transporter, Hawk XM501BZ 5,365 II

SHOP VAN BOXES

Battery Control.Central, Hawk AN/TWS-2 .,40o II, III

AN/GRM-48A Shelter, Electronic Maint. Support -.,660 III
Field Maintenance Shop Equip. Shop 2 AN/TSM-41 6,803 II
Field Maintenance Shop Equip. 1 Shop 3 AN/TSM-42 6,400 II
Field Maintenance Shop Equip. Shop 4 AN/TSM-43 5,800 II, III
Field Maintenance Shop Equip. Shop 5 XM/2E2 5,900 II, III

Field Maintenance Shop Equip. Shop 6 AN/ESM-45 5,900 II, III
Field Maintenance Shop Equip. Shop 7 AN/TSM-40 5,900 II, III
Operations Central AN/TSQ-39 5,02.0 II, II:
Operations Central AN/TSQ-39 8,110 II
Shelter, Crypto S-126 N/G 2,610 III
Communheations Central AN/TSC-15 Skid Mtd. 2,100C III
AN/UPS-I Radar Set, Shelter S-269 & Basket 4,450 III
Shop, Electronic AN/GRMr-38A 4,750 II, II1
AN/TPQ-13 Radar, Course Directing Control 6,864 II
Communications Central Group AN/TYA-1! 4,650 II, III
Shelter, Zlect. Equip. AN/TYA-19 Prt. of AN/TYQ-3 4,754 II, III
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Maint./Trans. Group AN/TYA-24 Prt. of AN/TYQ-3 4,531 II, III
Data Terminal Group AN/TYA-17 Prt. of AN/TYQ-3 4,914 II, III
Computer Group Comp. A`N/TYA-20 Prt. of AN/TYQ-3 4,810 II, III
Hut, Operator Group ANiTYA-9A Prt. of AN/TYQ-2 5.215 Ii, III
Hut, Coven. Group AN/TYA-12A Prt. of AN/TYQ-2 4,475 iI, III
Hut, Central Comp. Group AN/TYA-5 Prt. of AN/TYQ-2 5,000 II, III
Hut, Transport Data 2D/3D Radar AN/TYA-I8 Prt. of

AN/TYQ-2 4,215 III
Hut, Transport Data 2D/3D Radar AN/TYA-18 Prt. (,f

AN/TYQ-2 4,215 IIl
Hut, Transport Data Ancillary Group AN/TYA-26
""Part of AN/TYQ-2 3,785 III

Hut, Transport Data Geog. Display AN/TYA-7
Part of AN/TYQ-2 5,000 II, III

Hut., Photographic Transport Group AN/TYA-25
Part of AN/TYQ-2 2,900 III

Hut, Unit Test Gro=p AN!TYA-23 Prt. of AN/TYQ-2 3,450 ii
Hut, Maint. Group Export Data AN/TYA-27

Part of AN/TYQ-2 3,900 III
Electronic Shop AN/GPM-32A 5,495 II, Iii
Central Office, Telephone, Manual AN/ITC-1 S-179A 4,200 III
Central Office, Telephone, Manual AN/MITC-l S-18A 4,400 III
Tower - A/C Control Group AN/TSA-13 2,190 III
S-142 Shelter AN/TSA-13 3,680 III
Landing Control Central OA-8391/TSQ-18A 7,200 II
AN/TSM-98 Van 7,220 II
AN/TSM-98 Spare Parts Van 7,220 II
AN/TSN-68 Transcriber, Translator Facility 2,975 IIIAN/TSQ-46 Van 5,600 I, I
AN/TSQ-64 Van Signal Analysis Facility 5,000 III
AN/GW-82 Electronics Shop 6,!b0 II, III
AN/TSQ-8 (V) Light Signal Monitor ?acility 2,037 III
AN/GRMo 8 Shelter, Electr., Maint., Support 4,700 II, III
AN/TSQ-52 2,E:25 III
AN/TSQ-54 2,800 III
AN/MSC-43 Special Comm., Central 5,850 II, III
Distribution Box .J-2573/TYQ-2 Part of AN/TYQ-2 1,300 III

LARGE TRUCKS

Truck, Duop, 5 ton, 6 x 6, v/vinch, M51 14,460 II
Truck, Crash, Fire, Oshkosh, Model Allll-41927MB-5 20,000 II

PALLETS

Test Equipment Pallet AN/TSM-44 1,195 II, III
AN/UPS-l Radar Set Pallets III
AN/TRQ-IO Radar Course Directing Control - Pallet

Antenna AS-1310/TYQ-3 TD CC System 2,520 II
MX-7852/TYA Pallet-Air Cond. Cable Reel -

Prt. of AN/TYQ-3 1,130 III
AN/TYQ-2 Cable & Air Cond. Ballet No. 1 3,496 II
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AN/TYQ-2 Cable & Air Cond. Pallet No. 2 4,021 II

Pallet No. 2 4,021 II
Pallet No. 3 3,991 II
Pallet No. 4 3,751 II
Pallet No. 5 4,106 II
Pallet hi. 6 4,271 II
Pallet No. 7 3,441 II
Pallet No. 8 3,881 II
Pallet No. 9 3,851 II
Pallet No. 10 3,831 II
Pallet No. 11 2,981 II

Reeling Machine RL-26-C with 2 reels of wire 834 II

GUNS

Howitzer, Towed, 155 mm M114AI 12,700 I
Howitzer, Towed, 105 mm MIOlAl 5,500 II

I
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APPENDIX II

VERTICAL BOUUCE CRITERIA

![The following is a reprint of Appendix 4 from Technical Report 68-2
entitled, Aerial Recovery Kit, Concept Formulation Study; U. S. Army
Aviation Materiel Command, St. Louis, Missouri, June 1968, AD 673102.

2.1.4.1 APPENDIX 4

TITLE: Design Criteria and Analysis for the Prevention of Vertical Bounce

4.1. s

A dynamic analysis was performed to generate Universal Sling Kit Design
criteria for the prevention of "vertical bounce", which is a condition of
excessive helicopter vibration at a frequency of 1 x main rotor speed
resulting from normal, inherent, main rotor forces amplified by the tuned
response of an aircraft end its suspended load. Further, the system's
tuning characteristics are primarily controlled by the spring rate of the
suspension system between the two masses.

Design criteria, or limitations on the spring rate of the Universal Sling,
were established for the UH-LT) and CH-47 aircraft. These criteria were
based on Sikorsky Aircraft's experience and data obained during the devel-
opment of the CH-54A aircraft. No limitations were imposed on the sling
for use on the CH-54A aircraft since a dynamic decoupler has already been
incorporated into this aircraft's cargo handling system.

An analysis of the actual Universal Sling design is presented to justify
that it meets the design criteria requirements. It was shown that the
Universal Sling Kit, for use with either prime mover aircraft, or for any
suspended load configuratioL, meets and exceeds the design criteria
requirements.

4.2 Symbols

lp 1 x main rotor
flp frequency of lp or system excitation frequency (cpm)
f conpled aircraft - load rigid body mode natural frequent.y (c-pm)

RI3M
flp/fR1 Mproximity ratio (cpm/cpm)

Wsl weight of slung load (Ib)
W weight of aircraft (Ib)

A/C
ii Wsl/WA/C = mass ratio (lb/lb)

Ks spring rate of suspension systeý (lb/in.)
g gravitational constant (in./sec )
fVBM aircraft uncoupled first vertical bending mode natural frequency

(cpm)
flp/f,,,proximity ratio (cpm/cpm)
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14.3 Background

During the early stages of the CH-5 14A development program, a vibration
phenomenon was sometimes encountered when heary loads were lifted by a
cable suspension system. The incidence of these events was infrequent.
However, when encountered,it was evideut that the response could bui'_4
up-and become serious enough to cause the pilot to jettison the load.
It was also noted that the frequency of the response was at or near lp.

This phenumenon was explained as a resonance of the aircraft and suspended
load system, excited by the main rotor head lp forces. The aircraft
behaved basically as a rigid body mass, the suspension system constituted
the spring, and the suspended load was the second mass in the total dynamic
system.

High response could most easily be achieved by slowly varying the cable

length while in-flight. Since this varied the cable spring rate, this was
a convenient means of experimentally tuning the system. Significantly, the
response curve exhibited a narror "Q7 characteristic, meaning that
significant response only occurred within a narrow proximity margin. This
is defined as the proximity ratio flp/fRBM.

Bigh response was also most evident to the pilot when heavy loads were
carried. As the suspended load to prime mover aircraft mass ratio increased,
the system's mode shape was altered resulting ii, increased aircrett or cockpit
participation. This mass ratio is defined as = /WA/C.s1 A

For design purposes, vibration acceptability levels are based on pilot
comfort criteria rather than structural integrity criteria. These
oscillations are characterized by large displacement -xcursions and low
acceleration amplitudes. In this region, inertial forces are low, but
human susceptibility is high.

As part of the CH-54A development program, a dynamie decoupler was incorpor-
ated into the single point cargo handling system. This provision is basically
a soft spring which is compatible with any impendance, or suspended load
characteristic, keeping the system always well within acceptable limits
of vibration. It only functions for suspended loads having mass ratios
of approximately 0.5 or higher. This parameter, and its proximity ratio
p•-ameter, have been fully evaluated and substantiated by flight test
measurements.
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4.4 Permetric Considerations

The "background" introduced each of the pertinent parameters necessary to
consider in establishing design criteria. Each is discussed below:

Proximity Ratio of Fuselage First Vertical
Bending Mode (flp/f v)

Investigation of the vertical bounce phenomenon at Sikorsky Aircraft has
shown that cockpit response is the summation of the rigid body response
and some first fuselage ben.ling mode response. However, the model below
is a close analog representation of the phenamenon capable of extrapolat-
ing the CH-54A experience to other aircraft, if the fo-loving proxifity
margin relationship is observed.

flp!fvYBI .185 cpm = 0.79 (54)
235 cpm

V1A/cM

X"/Ks
Vt

Proximity Ratio (flp/fRM4)

Experience with the CE-54A aircraft has substanziated the folilving
proximity ratio with the heaviest suspended load:

flp/fRU4 ý 185 cpm = 1.76 (55)
105 cpm CH-54A

Mass Ratio P = V 1W

Experience with the CH-53A aircraft has iown that the suspended load
is significant only for mass ratios:

l= •WA/C ='J'10.00 = 0.45 (56)
22,000 1H cH-54A

SprinL Rate (K)

The non-trivial natural frequency of the rigid body system shown above is:

fj 6o s + W 1/2 (57)
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We now have the significant parameters defined and are prepared to deter-
mine the dynari, design criteria for the prevention of vertical bounce.

4.5 Design Criteria

Dynamic criteria for the Universal Sling Kit will be generated by defining
limitations and latitude of the stiffness of the sling. By controlling the
sling stiffness the frequency of the rigid body mode is controlled thereby
providing suitable isolation from the lp forces. Using the parameters
developed above, stiffness criteria for the sling were developed for use
of the kit with the UD-ID and CE-47. Characteristics of slings used on
the CH-54A are not restricted because load isolation is incorporated in its
cargo handling system.

The ip frequencies and fuselage first vertical bending mcde frequencies
are tabulated below.

MODEL flIP V13

cH-5A 185 cpm 235 cpm 0.79UK-ID 310 cpm 395 cpm 0.79
cE-47 230 cpm 47o cpm o.49

As shown in the table the UH-ID and CH-47 meet or exceed the requirements
of equation (54).

The required rigid body mode frequency is found by rearranging
equation (55).

fM A o.57if (58)IP

and substituting the appropriate 1p frequency for the UH-ID and CH-lT.
With the maximum rigid body mode frequency defined, the sling stiffness
may be evaluated. Algebraic manipulation of eque•,ion (57) to solve for sling
stiffness gives

Ks = 2 fW,• (( ((l)

WA/C slg(Ae+V •) g
by solving equation (59) using the rigid body mode frequency determined
from equation (58) and the maximum slung load weight, the sling stiffness
for the UH-ID and cE-47 is determined. This spring rate represents the
upper limit.

For the purpo-e of this analysis the slung load weight was defined as
the maximum payload, and aircraft weight was defined as the difference
between the maximum gross weight and the maximum payload. These values are
tabulated below.
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MODEL G.. (MAX.) Ws1 WA/C

CH-54A 42,000 lb 20,000 lb 22,000 lb
UHiD 9,500 ib 4,000 Ib 5,000 lb
CH-47 33,000 lb 17,000 lb 16,ooo lb

Rearrangement of equation (55) gives

ws Wn.) = o.45 WA/c (60)

Substituting the respective aircraft weights as defined above permits
evaluation of the minimum sling load weight for which isolation is
required. Results of the dynamic design criteria determinations are
shown graphically in Figure (84).

82



SI

FIGURE 84

UNIVERSAL SLING KIT-OTAL SLING STIFFNESS VS. SLUNG LOAD WEIGHT

RESTRICTIONS APPLICABLE TO UH-ID & CH-47 A/C.
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Upper weight bo.andaries defined by maximum sling load capac4ty.
Lower weight boundaries defined by the ratio of mass of slung
load to mass of prime mover.
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DESIN JUSTIFICATION

Upon determination of the general design configuration of the Universal 1.

Sling Kit it is necessary to evaluate the equivalent stiffness of specific
sling configurations. The stiffness criteria daveloped represents the
total sling stiffness whereas the kit may logically be thought of as A
consisting of three separate and distinct sections, the pendant, bridle,
and belly bands, which contribute to the kit's total stiffness. Techniques
for evaluating the stiffness of the individual sections, and then the total
stiffness of configuration are shown in Figure (85).

Review of all the sling arrangements showed that the stiffest sling
configuration was the single 15' pendant used to carry a downed UH-ID
by attachment to the rotor head. Analysis of this configuration indicated
that its spring rate is 1,500 lb/in.. Referring to the criteria, shown in
Figure (84) shows that this stiffness, for the stiffest possible sling
configuration, is well below that required. Consequently the imivereal
sling kit design will provide greater isolation than that required for
the prevention of vertical bounce.

The kit will also provide isolation from the Np forces. This is shown
by recalling that fnp - N f lp

and therefore fnp > f lp

substituting in equation (58) shows fjýM•v fnp

iudicating an even greater isolation from Np forces.

SN72
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FIGURE 85
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APPENDIX III

SLUNG LOADS AERODYNAWC DATA

The noiialized aerodynamic wind tunnel data for each of the slung loads
which were simulated are given as a function of angle of attack a and

Rides)l.ip • in Tables III to VT. These data have been normalized by the
dynamic r-essure q. The forces and moments of the CH-4TB are along body
a-w's directions; the forces and moments on the remaining three load types
ao ", alonz wind axis directions. The drag, side force, lift, and rolling,
•.4....-fing, ane. yawing m~nents may be converted from wind axes to body axes

'dirr? to .u foNrmulas

Dv CoroL cOSM L + Y, si%8L codac . - L.sinaL (148)

IL Dv sin5L + YW cosO (149)

L = Dw cos$ sinot + Yv sinOL sinL + Lw cosmL (150)
v cs =L•w c° SaL - Vw sinOL cosL -wsinL (151)

ML wsin•L+Mco (152)

EL COs saL - Mw siu sin% +N cosaL (153)

where the subscripts w refers to wind axes and L refers to body axes.

Because the container exhibited unstable yaw characteristics when suspended
by the single-point four-legged sling arrangement, the effects of a drogue
chute were added to the aerodynamic data of this load. The additional drag
and ;awing moment contributions on the container which are due to the chute
are given by

AD/q = 100 CosoL (154)

AR/q = 1000 sinOL (155)

This represents a chute of 6.5 feet dinmeter attached to the rear end of
the container. These two contributions mue to the chute are in body axis
directions and should be added to the basic container wind tunnel data once
it has been converted to body axis directions.
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TABLE III. COWTAINER AERODYNAMIC DPA2A ALONG WIND AXIS DIRECTIONS

LIFT/q(ft2

ai(deg) OL(deg)

-20 -15 -10 -5 0 5 10 15 20

-20 -85 -90 -94 -99 -100 -99 -94 -90 -85
-15 -28 -52 -66 -T2 -75 -72 -66 -52 -28
-10 9 -18 -38 -45 -50 -45 -38 -18 9
- 5 36 10 -10 -20 -25 -20 -10 10 36
- 0 55 35 15 5 0 5 15 35 55
-5 68 54 39 29 25 29 39 54 68
10 78 70 60 53 50 53 60 70 78
15 84 82 79 77 75 77 79 82 84
20 85 90 95 100 100 100 95 90 85

2
DRAG/q(ft2)

czL(deg) ,L(.deg)

-20 -15 -10 -5 0 5 10 15 20

-20 108 105 100 97 95 97 100 105 108
-15 103 98 93 90 87 90 93 53 103-3.0 98 93 BT 84 8:L 84 8T 93 98

- 5 96 89 83 80 76 80 83 89 96
0 94 87 82 77 75 77 83 87 94
5 96 89 83 80 76 80 83 89 96
10 98 93 87 84 81 84 87 93 98
15 103 98 93 90 87 90 93 98 103
20 108 105 100 97 95 97 100 105 1o8
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TABLE III - Continued

2SIDE FORCE/q(ft2)

iaL~dg)BL ( deg)

-20 -15 -10 -5 0 5 10 15 20

-20 65 50 35 15 0 -15 -35 -50 -65
-15 82 64 44 22 0 -22 -44 -6h -82
-10 93 73 51 26 0 -26 -51 -73 -93
- 5 99 79 55 29 0 -29 -55 -79 -99

0 100 80 55 30 0 -30 -55 -80 -100
5 93 73 49 28 0 -28 -49 -73 -93

10 73 54 34 20 0 -20 -34 -54 -73
15 34 20 7 6 - 6 - 7 -20 -34
20 -65 -50 -35 -15 0 15 35 50 65

]ROLLING MO T/q(ft ,

ctL(deg) PL(deg)

-20 -15 -10 - 5 0 5 10 15 20

-20 I46.8 35.1 23.4 11.7 0 -11.7 -23.4 -35.1 -46.8
-15 35.1 2',,I 17.5 8.7 0 - 8.7 -17.5 -26.1 -35.1
-10 !23.4 17.4 11.7 5.8 0 - 5.8 -11.7 -17.4 -23.4
- 5 11.7 8.7 5.8 2.9 0 - 2.9 - 5.8 -8.7 -11.7

0 0 0 0 0 0 0 0 0 0
5 -11.7 - 8.7 - 5.8 - 2.9 0 - 2.9 5.8 11.7 11.7

10 -23.4 --17.4 -11.7 - 5.8 0 5.8 11.7 17.5 23.4
15 -35.1 -26.1 -17.5 - 8.7 0 8.7 17.5 26.1 35.1
20 -46.8 -35.1 -23.4 -11.7 0 11.7 23.4 35.1 46.8
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TABLE III- Concluded

PITCHING iMMET/q(f t 3

aL(deg) BL(deg)

-20 -15 -10 - 5 0 5 10 15 20

-20 -300 -275 -250 -225 -200 -175 -150 -125 -100
-15 -250 -225 -200 -175 -150 -125 -100 - 75 - 50
-10 -200 -175 -150 -125 -100 - 75 - 50 - 25 0

- 5 -150 -125 -100 - 75 - 50 - 25 0 25 50
0 -100 -75 - 50 - 25 0 25 50 75 100
5 - 50 - 25 0 25 50 75 100 125 150

10 0 25 50 75 iO0 125 150 175 200
15 50 75 100 125 150 175 200 225 250
20 100 125 150 175 200 225 250 275 300

|3

YAWING MME1qLTq(- 3j

(L(deg) ,.(deg)
-J= 

-=

-20 -15 -10 - 5 0 5 10 15 20

-20 300 260 200 100 20 -90 -200 -360 -470
-15 250 210 160 80 15 -70 -160 -260 -350
-10 220 180 130 EO 10 -60 -130 -190 -270
- 5 200 160 n10 50 5 -50 -110 -160 -220

0 200 150 100 50 0 -50 -100 -150 -200

5 220 160 310 50 - 5 -50 -1-o -160 -2o0
10 270 190 130 60 -10 -60 -130 -180 -220

15 350 260 160 70 -15 -80 -160 -210 -250
20 470 360 200 90 -20 -100 -200 -260 -300
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TABLE IV. BLOCK AERODYNAMIC DATA ALONG WIND AXIS DIRECTIONS

LIFT/q (t 2 )

aL(deg) L (deg;)

-20 -15 -10 -5 0 5 10 15 20

-20 0 - 0 - 0 0 0 0

-15 0 0 0 0 0 0 0 0 0

-i0 0 0 0 22 0 0 0 0 0

-5 0 0 0 0 0 0 0 0 0

0 0 0 0 20 0 0 0 0

5 0 0 0 0 0 0 0 21 0

iQ 0 o o 0 0 0 0 0 0

15 2 0 0 0 0 0 0 0 0

DRAG/q (ft)

%l(deg) 
$L(deg)

-20 -15 -10 -5 0 5 10 15 20

-0 27 26 25 24 20 24 25 26 271

-20 26 24 23 22 22 22 23 24 26

-02 23 25 21 21 210 5 26 24- 5 24 2'2 ald 20 19 20 21 2 •

023 21 20 19 18 19 20 21 3

5 24 22 21 20 19 20 21 22 24• 3

S526 32 22 212 0 2 1 22 23 24 26

20 27 26 25 24- 24 24 25 26 27
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TABLE IV - Continued

SIDE FORCE/q (f2)t

aL(deg) BL(deg)

;-20 -15 -10 -5 0 5 10 15 20

-20 16 12 9 4 0 -4 -9 -12 -16
-15 20 16 11 6 0 -4 -iu -16 -20
-10 23 18 13 7 0 -7 -13 -16 -23
- 5 25 20 14 7 0 -7 -14 -20 -25

-0 25 2- -10 8 0 -8 -10 -20 -25
5 23 18 12 7 0 -7 -12 -18 -23

10 18 14 9 5 0 -5 - 9 -14 -18-- 15 9 5 2 1 0 -1 - 2 - 5 - 9
S20 -16 -12 -9- -4 0 4 0 12 16

• ROLLING MOMENT/q (f 3

aL(deg) aL(deg)

L

--20 -15 -00 -5 0 5 10 15 20

-20 0 0 0 0 0 0 0 0 0-15 0 c 0 0 0 0 0 0 0
S-90 0 0 0 0 0 0 0 0 0
-5 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0 0 0

1i0 0 0 0 0 0 0 0 0
1= 5 0 0 0 o o 0 00 0 0

-":20 0 0 0 0 0 0 0 0 0
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TABLE IV- Concluded

PITCHING MKMERT/q (ft )

aL(deg) SLjdeg)

-20 -15 -10 -5 0 5 10 15 20

-20 0 0 0 0 0 0 0 0 0
-15 0 0 0 0 0 0 0 0 0
-10 0 0 0 0 0 0 0 0 0
5- 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0 0 0

"10 0 0 0 0 0 0 0 0 0
S15 0 0 0 0 0 0 D 0 0

20 0 0 0 0 0 0 0 0 0

YAWING i40MERT/q (ft 3

%l(deg) SL(deg)

-20 -15 -10 -5 0 5 10 15 20

-20. 38 32 25 12 3 -11 -25 -45 -59
-15 31 26 20 10 2 - 9 -20 -32 -44
-10 28 22 16 7 1 - 7 -16 -24 -34-
- 5 25 20 13 6 1 - 6 -13 -20 -27

0 25 19 12 6 0 - 6 -12 -19 -25
5 27 -0 13 6 -i - 6 -13 -20 -25

10 34 24 16 7 -1 - 7 -16 -22 -28
15 44 32 20 9 -2 -10 -20 -26 -31
20 59 45 25 11 -3 -12 -25 -32 -38
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TABLE V. CE-47B CHINIOOK AERODYNAMIC DATA ALONG BODY AXIS DIRECTIONS

LIFT/gqt

a L(de~g) __ __ _L___(deg)_ __ __ _

-20 -15 -10 -5 0 5 10 15 20

-20 -125 -128 -135 -133 -133 -134 -139 -138 -127
-15 - 60 - 80 - 90 -100 -100 -100 -100 - 95 - 85
-10 - 34 - 50 - .=6 - 60 - 60 - 60 - 55 - 47 - 33

- 5 2 - :2 - . - 31 - 35 -29 - 22 - 10 0
0 35 19 7 - 10 - 12 - 5 8 20 35

5 65 48 33 15 10 20 34 51 68
10 100 81 5t 40 30 45 60 85 101
15 150 12ý) 95 7o 70 80 95 115 135
20 185 16o 126 100 85 104 130 159 185

DPAG/cQ (ft2)

-20 29.4 36.5 40.3 41.2 39.8 40.9 4o0.1 36.6 27.5

-15 35.5 39.7 43. • 4 4i.3 42.3 42.5 40.4 34.4

-10 37.6 41.5 44.7 44.6 42.0 43.8 44.0 42.3 37.0
-5 38.3 42.2 45.3 45.3 42.4 44.4 44.8 43.1 38.0

0 37.8 41.9 45.3 45.1 42.0 4t,4 45.0 43.0 37.0
5 35.3 40.2 43.7 43.8 40.7 42.9 43.7 41.4 36.4

10 31.4 37.6 4i.4 41.7T 38.5 40.7 41.4 39.0 33.7
15 25.5 33.5 37.9 38.3 35.1 37.2 38.0 35.2 29.4
20 13.3 22.5 27.5 28.0 25.5 26.5 26.9 23.8 15.8

SIEFORCE/q(f)

-20 200 145 95 50 2 -48 -i00 -150 -20T
-15 185 14o 90 50 0 -45 -90 -14o -185
-10 175 134 84 44 o -45 - 85 -134 -178

5 150 115 70 35 0 -35 -75 -115 -150
10 145 11o 65 30 -2 -34 -80 -107 -145
15 i4o 105 60 30 0 -30 -60 -125 -14o

20 135 96 58 26 9 -25 -6o -100 -135
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TABLE V - Concluded

8 (deg)

-20 -15 -10 -5 0 5 10 15 20

-(deg) ROLLING MMo T/q(ft3 )

-20 54 52 42 34 -10 -3 -40 -TT -85
-15 58 45 35 27 0 -8 -34 -70 -90
-10 62 35 26 24 - 5 -2 -32 -64 -95-5 62 32 22 22 0 -5 -32 -62 -95

0 60 28 i6 20 - 3 -6 -32 -60 -98
5 55 25 20 15 - 7 -15 -35 -58 -95

10 50 21 12 22 -18 -22 -46 -57 -91
15 15 8 0 -5 -25 -30 -50 -58 -85
20 -38 -21 -13 -27 -49 -43 -65 -59 -72

PITCHING MOMENT/q(ft3)

-20 -1100 -1040 -1150 -1260 -1360 -1260 -1160 -1120 -1200
-15 - 880 - 84-0 - 860- 950 -1000 -950- 900 - 880 - 880
-10 - 650 - 580 - 6oo- 6oo- 76o - 68o- ',o - 66o - 750
- 5 - 380 - 320 - 300 - 35L - 420 - 360 - 330 - 380 - 48o

0 - 130 - 4o 20 0- 20 - 40- 20 -100 -240
5 140 270 390 410 440 340 310 170 40

10 420 590 760 820 .3k 750 670 48o 300
15 680 900 1020 1120 1200 1200 1130 950 700
2C- 940 1290 154c 1600 159o 1520 1420 121:0 830

YAWIFG MO.MM/€ (ft_3)

-20 -220 -10 -20 -60 -ho -65 15 92 325
-15 - 84 4o 30 0 -38 -65 -45 10 200
-10 25 85 80 45 -33 -64 -90 -50 77
- 5 125 135 120 78 -25 -62 -124 -100 -27

0 220 183 151 45 -15 -58 -i45 -14 -140
5 305 225 165 95 15 -45 -148 -170 -230

10 385 270 170 90 49 -15 -130 -200 -330:
15 475 310 165 75 100 20 - 95 -225 -420
20 565 350 155 0 145 78 - 24 -250 -510
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TABLE VI. OV-1 MOHAWK AERODYNAMIC DATA ALONG WIED AXIS DIRIETI)NS

LIFT/q(ft2 )

am (deg) Ldg

-20 -15 -10 -5 0 5 10 15 20

-20 -250 -250 -250 -250 -250 -250 -250 -250 -250
-15 -320 -320 -320 -320 -320 -320 -320 -320 -320
-10 -198 -198 -198 -198 -198 -198 -198 -198 -i98
- 5 - 75 - 75 - 75 - 75 - 75 - 75 - 75 - 75 -75o 66 66 66 66 66 66 66 66 66

5 165 165 165 165 165 165 165 165 165
10 297 297 297 297 297 297 297 297 297
15 4o 44 o 44 o 44 o 44 o 1 4 o 4o 440 440
20 48o 848o 48o 48o 48o 480 480 48o 48o

DRAG/•(.ft')
-20 33 33 33 33 33 33 33 33 33
-15 15 15 15 15 15 15 15 15 15

5-10 13 13 13 13 13 13 13 13 13
- 5 12 12 12 12 12 12 12 12 12

0 13 13 13 13 13 13 13 13 13
5 15 15 15 15 15 15 15 15 15

10 33 33 33 33 33 33 33 33 33
15 58 58 58 58 58 58 58 58 58
20 67 67 67 67 67 67 67 67 67

SIDE F'oC/qC( t2)

-20 63 48 31 17 0 -17 -31 -48 -63
-15 72 55 36 19 0 -19 -36 -55 -72
-10 78 59 39 20 0 -22 -39 -59 -78
- 5 86 65 43 22 0 -22 --43 -65 -86

0 92 69 46 23 0 -23 -46 -69 -92
5 98 74 49 24 o -24 -49 -74 -98

10 98 74 49 24 o -24 -49 -714 98
15 92 69 46 23 0 -23 -46 -69 -92
20 86 65 43 22 0 -22 -43 -65 -86
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TABLE VI - Concluded

ROLLIN MOMWI/q(fV3)

a L (dg) 0 L(deg)

-20 -15 -10 -5 0 5 10 15 20

-20 463 348 232 115 0 -i115 -232 -348 -463
-15 472 354 236 n8 0 -118 -. '36 -354 -472
-10 477 358 238 119 0 -119 -238 -358 -477
- 5 482 362 241 120 0 -120 -241 -362 -482

o0 482 362 241 12z 0 -120 -241 -362 -482
5 468 350 2314 117 0 -117 -234 -350 -468

10 432 324 216 108 0 -io8 -216 -324 -432
15 384 288 192 96 0 - 96 -192 -288 -384
?0 362 262 181 90 0 - 90 -181 -262 -362

PITCHING I40OST/g( r 2

-20 2144 2414 21414 2144 2144 2144 2144 21414 2144
-15 332 332 332 332 332 332 332 332 332
-10 192 192 192 192 192 192 192 192 192
- 5 62 62 62 62 62 62 62 62 62

0 0 0 0 0 0 0 0 0 0
5 -75 -75 -75 -75 -75 -75 -75 -75 -75

10 -224 -224 -244 -244 -244 -244 -244 -244 -244
1.5 -14214 -4i24 -14214 -14214 -14214 -4214 "424 -14214 -14214
20 -500 -500 -500 -500 -500 -500 -500 --500 -500

YAWING M(X4ET/g( ft3)

-20 -1330 -990 -663 -332 0 332 663 990 1330
-15 -1330 -990 -663 -332 0 332 663 990 1330
-10 -1330 -990 -663 -332 0 332 663 990 1330
- 5 -1330 -990 -663 -322 0 332 663 990 1330

0 -1330 -990 -653 -322 0 332 663 990 1330
5 -1330 -990 -663 -322 0 332 663 990 1330

10 -1330 -990 -663 -322 U 332 663 990 1330
15 -1330 -990 -663 -322 0 332 663 9M0 1330
20 -1330 -990 -663 -322 0 332 663 990 1330



APPENDIX IV

PILOT CONTROL IPUTS FOR THE SIMULATED MANEUVERS

Figures 22 through 30 illustrate the control inputs used by the pilots to
simulate the various maneuvers in the study. A typical set of input
examples is shown for each of the different types of maneuvers. The pilot
inputs for the symmetrical dive and pullout done during the moving-base
simulation were considerably different from the inputs for the same maneuver

during the flxed-b&se simulation. For this reason, these resulting maneu-
vers were not really the same; therefore, example sets of input are shown
for both the fixed-base and moving-base version of this maneuver.

Figures 22 through 30 are time histories of cyclic control stick, collective
control stick, and/or pedal position deviation away from the trim position
of these controls, as applied by the pilot. Since these values are stick
rep.dings, they do not show any contribution due to control coupling or from
f-y autoutatic stabilization equipment. For each maneuver, only the pilot
control inputs which are considered important in describing the manner in
which the maneuver was simulated are shown.
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Figure 22. Pilot Control Input for the Simulated Vertical Takeoff Maneuver.
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Pigiwe 26. Pilot Control Input for the Simulated Pedal Kick Maneuver.
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Figare 28. Pilot Control Input for the Sirmulated Longitudinal Stick
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APPENDIX V

SLING AND HARDPOINT LOAD FACTOR DATA UTILIZATION TECHNIQUES

To establish useful design criteria for external suspension system compo-
nents with slung load type as a parameter, two assumptions must be made.
First, it must be assumed that the helicopter can attain its design load
factor with an externally suspended load. Second, it must be assumed that
the helicopter can attain its design load factor with every type of slung
load. Table I indicates that the maximum helicopter load factor attained
varied with external load type. Table I also indicates that the design
load factor of 2.5 for the CH-54A was never achieved during any of the
maneuvers. Therefore, a method for adjusting the load factor data is

* necessary in determining useful design criteria.

Within a given slung load type, the maximum load factor pulled at the heli-
copter always occurred during the symmetrical dive and pullout. The Nz

Max
data in Table I have been corrected for any unexact variation in value
which may have occurred as the main rotor approached stall during any of
the more severe maneuvers. Table I indicates that the maximum load factor
pulled at the helicopter over the entire field of slung load types was 2.0.
Therefore, it is assumed that the maximum capability of the helicopter used
in the simulation was 2.0.

The highest values of N attained over all the cases simulated occurred
max

during runs 3 and 1G, where, in both cases, NZ is 2.0. Assuming that
max

this value is the load factor capabilitf of the helicopter, Nlz equal to 2.0

was attained only with the container slung by four points from the heli-
copter. But all the slung load types for each cg location must be adjusted
to this same helicopter capability. All the dynamic load factor data which
was collected for runs with pilot inputs which were not scaled down is used
in determining design criteria for a helicopter with a design load factor
of 2.0.

For all the cases which were run using scaled pilot inputs, the highest
N z ever attained was 1.45 during run 3s. The scaled input cases were

conducted with the intention of gathering data to be used as design criteria
for a helicopter with a lower design load factor. Thus, all scaled input
data in Table I is used for determining design criteria for a helicopter
,with a design load factor of 1.45.

The method used to adjust the load factor data for a helicopter capable of
pulling a normal load factor of 2.0 with each of the slung loads types
attached is as follows:

1. For a particular slung load type (and a pa ticular cg location
when applicable), the ratio of 2.0 over the highest value of Nz

max
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within the particular slung load type is determined. (The gust,
moving base, and scaled input cases are excluded. The data
adjustment methods for these cases are explained subsequently.)

2. The hardpoint and sling member load factor data within the particu-
lar slung load type (and the particular cg location when applicable)
are then either multiplied by the ratio (2.0/1Nz ) determined in

max
step (1) if the data are from a roll reversal or symmetric dive
and pullout maneuver, or multiplied by this ratio raised to the

0.714 power if the data are from a vertical takeoff maneuver. The
resultant sling and hardpoint load factor data then represent the
values these various load factors would take if the helicopter
were capable of a normal load factor of 2.0 with the particular
slung load type and cg location.

The adjustment method described above can be explained as follows. The
vertical takeoff, symmetrical dive and pullout, and roll reve:rsal maneuvers
all prodL:e high load factors. A high normal load factor N at the heli-

copter can be expected to create high load factors at slings and hardpoints.
Let N represent any of the sling or hardpoint load factors. This sti'dy is
based on the relation

N (constant) (NZ) (156)

Therefore, the same helicopter - external load flown through the same type
of maneuver, where N varies between two cases a and b (because the maneuverz
is flown more severely in one case than the other), the variation in N
is given by s

N (case b) N z(case b)- - - (157)
N (case a) N (case a)

5 z

For a given helicopter, the variation of Nz during a vertical takeoff is not

the sane as it would be during a symmetrical dive and pullout or roll re-
versal. For either the pullout or reversal maneuver, N z is proportional to

control power, while for the verticsa takeoff, N is proportional to thrust.

The maneuver which produced the highest value of N within each set ofzmax
runs for a particular slung load type was the symmetrical dive and pullout.
Within a particular slung ['oad type set of runs, assume that the full control
power capability of the helicopter corresponds to the control power which was
utilized during the maneuver which yielded this highest value oi N For

maxtwo Mifferent pullout cases, the relation between NZ and control power

would be
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N (case b) control power (case b) (158)

N z(case a) control power (case a)

If eq (158) is applied to two specific cases of interest - the simulated
case which produced the highest NZ for a particular slung load type,

max
and the desired case which would represent the same type maneuver executed
severely enough for NZ to equal 2.0 - the control power needed to attain

max
the desired value of N. = 2.0 can be obtained from the relation

control power (needed) = 2.0
control power (maximum simulated) N

max

If the helicopter now had this increased capability, then, from eq (157)
the N data taken from the actual simulation is adjusted according to the
equation

N (adjusted) = 2.0 .N (simulated) (160)
NZ

nax

Eq (160) applies to N data taken fra symmetric dive and pullout or roll
reversal maneuvers.

The vertical takeoff data must be handled differently because NZ is pro-

portional to thrust rather than control power during this maneuver. For
most helicopters, irregardless of size, the relation between thrust and
control power can be approximated by saying thrust is proportional to the
control power raised to the 0.714 power. For two different vertical take-
off cases the relations between NZ and control power can then be expressed
as

I 10.7114Nz(case b) control power (case b)

Nz(Case a) [control power (case a)J (161)

But the control power has been adjusted to allow an R capability- of 0.2,

so substituting eq (159) into eq (161) yields

Nz(case b) [2.0 1 0.71i

N (case a) [Nzl (162)
max

Substituting this relation into eq (157) thus indicates that the value of
I taken from vertical takeoff maneuvers should be adjusted by the relation
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Ns (adjusted) 2-._0 ]0.714SNs (simulated) (163)

max

The adjusted values of sling and hardpoint load factor data determined
from either eq (160) or eq (163) represent the values these quantities
would take if the helicopter were capable of a load factor of NZ = 2.0

with specific s:'.ung load type attached.

All of the data fVom runs using scaled inputs is adjusted in a similar
manner to represent sling and hardpoint load factor values attained for

the slung load attached to a helicopter with a capability of NZ = 1.45.

This is the highest value of NZ ever attained during all of scaled
max

input runs. Therefore, the ratics by which N values are adjuste& for these
0.714

cases are (1.45/NZ and(l.45/NZ )0 , depending on the type of
max max

maneuver, where NZ is the highest value this parameter takes within all
max

the scaled input runs for the particular slung load type (and cg location)

being investigated at the moment.

•o determine data points for a helicopter capable of N 2.5 with an. ex-
ternally suspended load, the data which were adjusted ior N. = 2.0 are
extrapolated to the highest design load factor. The extrapolation is done
lizearly by multiplying the N values which were adjusted for NZ = 2.5 by

S

either the ratio (2.5/2.0 or (2.,,'2.0), depending on whether the data
being extrapolated arv from a pullout or reversal maneuver or from a verti-
cal takeoff maneuver.

In addition to the sling and hardpoint load factor data which have been
modified to represent data from a helicopter with an N capability of 1.45,
2.0, and 2.5, the data from Table II are used to speciry the values these
load factor parameters assume during trim (N = 1.0).z
Figures 31 through 40 show the -,rarious manipulated sling and hardpoint
load factor data plotted at the appropriate helicopter design load factor
for which the data were adjusted or extrapolated. Only the largest ex-

trapolated value of any N parameter is shown on the plots at N = 2.5,
s 7z

since only maximum values are of importance in determining design criteria.
Trim values of N are plotted at Nz = 1.0. The data were modified sepa-

r s
Thattely for each slung load type and are grouped this way in the figures.
The data were also modified separately for each cg location within slung

load types (vhere applicable), but all of these varying cg location data
points have been placed on a single plot, identified only by the slung
load type.
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A key is given which defines the type cf maneuver represented by each datum
point which has been plotted. This key is applicable to every figure con-
tained in this appendix.

Key to Symbols Describing Maneuvers in Figures 31 to 44 1

A Vertical takeoff
0 Symmetrical dive and pullout
a Roll reversal :

V Pedal kick
* Approach to bover A

SLongitudinal stick stroke
0 Lateral stick strcke
'u Rolling pullout

Symbols with single flags denote data from moving base runs.
Symbols with double flags denote data from runs with gusts.

The data obtained from runs which included gusts are used in a slightly
different manner. Since any gust contribution to N values should be an
addition to the contribution due to the basic maneuver, the method used I

to obtain the gust data is to find the change in each N value between the
gust run and the corresponding case without gusts. This change in each
N value is then added to the N value from the run without gusts. Thes
resultant values of N are then adjusted in the manner described previously
to obtain data for a Besign load factor of 2.0, and these data are then
extrapolated to a design load factor of 2.5. No gust data were calculated
for Nz = 1.45 because none of the gust runs were done with scaled pilot

inputs. Figures 41 and 42 contain the gust data points as well as the

corresponding points which do not include the gust effects. These nongust
points are taken from Figures 31 and 33, and are reproduced on the gust
data plots for easy comparison. Only the neutral cg data points are taken
from Figure 31 and appear on Figure 41 because only the neutral cg config-
uration of the container slung frcm four points on the helicopter was

simulated with gusts.

The method of utilizing the moving-base data is similar to the method pre-
viously described for the fixed-base runs. The ratios (2.0/NZ , and

max
(2.0/Nz ) for adjusting the moving base data for a particular slung

max
load type is found by using the highest value of Nz from among all the

max
moving-base runs for that particular slung load type. Since the rolling
pullout is a high load factor produciug maneuver, the data from this
maneuver are adjusted in the same manner as the roll reversal and symmetri-
cal dive and pullout data. The moving-base data from the maneuvers which
are not considered high load factor producing maneuvers (such as the
approach to hover) are not adjusted at all, and are plotted directly at
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N = 2.0. The extrapolation method to NZ 2.5 is the same as outlined

earlier. Figures 43 and 44 are plots of the moving-base data. Also in-
cluded in these figures for comparison are the corresponding data points
for the same slung load type cases from the fixed-base simulation. These
additional data points are taken from Figures 31 and 35, but only the
neutral eg points are shown on the moving-base plots. No data are shown
at Nz = 1.45 because the moving-base runs could not be resimulated with

scaled pilot inputs.

1 4.
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112

mm



1.2

':• 0.6

S0. ,O.4

• • II
0.2

0 1 23

AWRAFT LOAD FACTOR

Figure 31. Continued.

OL 113

0--



S3 - .! ....

I-

014

0 1 2 3

AIRCRAFT LOAD FACTOR

2-.

AIRCRAFT LOAD FACTOR

Figure 31. Continued.

11i4



0HI U

AIRCRAFT LOAD FACTOR

2* ~ t

_j --

0
0 2 3

ACRAFT LOAD FACTOR

Figure 31. Continued.

wil

215



2!

0 01

0

AIRCRAFT LOAD FACTOR

Figure 31. Concluded.

116

I ______



4,

.I A

0 mmm0mlm.u.h~
°o 1 2 3s"

A4X1AFT LOAD FACTOR

!1 
--

oI2 3

AAFT LOAD FACTOR

Figare 32. AdJusted Sling and Ha.xdpoint Load Factor
Data for the Container - P pt/ 0 Leg,
1 Cable Failed Load.

117



1.2-

I I i1.0 -

IL

0.8

S it '
OL 6 V- 1 -

0 I 2 3

AIRCRAFT LOAD FACTOR

iI-i

U!

4o 2

4 0

N z
S0 1 2

Figure 32. Continued.

118

-~ -- - -



-23 -- nr

o. - -2

4

w:II. I

-a I

0I 2 3

AIRCRAFT LOAD FACTOR

3 - -D

I2

0. 0

IOLl

0 1 2 3

AIRCRAFT LOAD FACTOR

Figure 32. Continued.

119

___



1 t

.2

0 
2 5

ApCRAFT LOAD FACTOR

n:g'uLe 32. ContiLnue"d,

120

0 2 5



- I

U

.IL

I- .0

0 1 2 5

AIRCRAFT LOAD FACTOR

Figu•e 32. Concluded.

L 2



00 I-I!

AIRCRAFT LOAD FACTOR

3- -

FI

J 0
;II.- 2-1

OI-

0 1 2 3

AIRCRAFT LOAD FACTOR

Figure 33. Adjusted Sling and Hardpoint Load Factor
Data for the Block - I Pt/ J Leg Load.

122
I

* I



-- --. ~ w, . ! ~

02V U
, -!

zz
M' 0.1 ,

" I tI
Xo iT 1
_jI

0 1 2 3

AIRCRAFT LOAD FACTOR

o•
,0.6

* •4 0.-5

z ft{]

0 0zL ' ]

0.4

O ! 2 3

_j 0.3

AIRCRAFT LOAD FACTOR
Figure 33, Continued.

,123



"01.2

0 2

0.6 --

0.111

4• 0.2

0.130.2 A•

0 0 2 3

AIRCRAFT LOAD FACTOR

.- •0.6 -

4 0.43•

0.1 ----

I2 3

AIRCRF LOAD FACTOR

Figure 33. Continued.

124&



4:- 

-

Ll -2

50

400
0 0

I AIRCRAFT LOAD FACTORS-I

0 0 I2 32

AIRCAFT LOAD FACTOR

Figure 3.concluded. .

126



1.2

1.0

0.8

0.6---0.6
W- 0.4

0.4-
O •ztzzz

0 2 3

AIRCRAFT LOAD FACTOR

:.02

0.8

0.4

0.2

0.0 I 2 3

AIRRAFT LOAD FACTOR

Figure 33. Continued.

125



IL

0 s6I _ __ __ __ __"_ I ,
5 -- 1--

* I :'
I I

I0i 2

u I 2

AIRCRAFT LOAD FACTOR

44

0
2--

0 1 23

AIRCRAFT LOAD FACTOR

Figure 3~4. Adjusted Sling and Bardpoint Load Factor Data
for the Emipty Container -1 Pt/ 4 Leg Load.

127



Al

4 I j

IL: I i
tiI I I

0 2 5
AIRCRAFT LOAD FACTOR

Figure 34. Continued.

• 128



2 -2.

0 L-

AICRAFT LOAD FACTOR

-I

112

0MU - -Z-A-

o I

ARIRCRAFT LOAD FACTOR

Figure 314, Continued.

129



A I

•OeF
4 4

I + A

O 1 2 3

AIRCRAFT LOAD FACTOR

--S

o 1 2 3

AIRCRAFT LOAD FACTOR '

Fi.gurze 34. Continued..

130



6

5

4

Ui

2 3

U A
-J

ca 0
0 23

AIRCRAFT LOAD FACTOR

6 I

0 4-
0 I 2 3

AI•CRAFT LOAD FACTOR

6

4U

zz
AIRCRAFT LOAD FACTOR

Figure 34. Concluded.

131



I2 3 -r-...

0-j-0 0 ,

II

0 2-0 2 3

AIRCRAFT LOAD FACTOR

I-!

AIaATLOAD FACTOR :

Figure 35. Adjusted Sling and Hardpoint Load Factor
Data for the Container - 1 Pt/ 14 Leg Load.

132

4



1.2 i 7
1I

018

'5 0 .6
0. k.

00
0I 2

AIRDMAF LOAD FACTOR

U -

c i o-J

I -

0 ...... -

0 I 23

ARCRAFT LOAD FACTOR
Figure 359, Continued.

133



LU..0

L -J 0:181

$ 0

4 
10

0.4

0.6

0

0 1

AIRCRAFT LOAD FACTOR

1.2 3

S 1.01

N •,=.<0.8

""i

0
0 I2

AIRCRAFT LOAD FACTOR

Figure 35. Continued.

134



1.2 J

1.00.8 o

0.4
-JA 

I
0.2 -

0
0 1 2 3

AIRCRAFT LOAD FACTOR

2

0 LI-

AIRCRA6FT LOAD FACTOR
Figure 35. continued.

135



2

03 I 2 3

I AIRCRAFT LOAD FACTOR
2

II

3--

0 LL

0 1 2 3

AIRAFT LOAD FACTOR

•igure 35. Concluded.

136



S2

0 2

ARRF LOAD FACTOR

Figiare 36. Adjusted Sling and Hardpoint Load Factor Data
for the Container -1 Pt/ 4 Leg, I Leg Failed Load.

137

- -- 17i



0.6 r -

0.5 -'- "
IL'

I I0.4144 1
l i 0.1

i ~0'

0 1 2 3

AIRCRAFT LOAD FACTOR

1 .6

1.44

1.0

0.8 ---

0 0.6oz
J 0.4

0 I 2 3
F ARCRAFT LOAD FACTOR

Figure 36. Continued.

138



"1.0"

i II

u- u. 0.8 I<I

d; 0.6 t

0.4

0.2 - --

010 1 2L

AIRCRAFT LOAD FACTOR

I
0.6

0 0.-•

S0.3

0.2
uJ I

.4 0.1I
0 l i - I

0 2 3

ARC'-AFT LOAD FACTOR

Figure 36. Continued.

139



1.

1.2 0 -

SI.o -----

0

0.4--

0.2Ii
0 - -0 I 2 3

AIRCRAFT LOAD FACTOR

1.6

1.4-

1.2 -

• • 0.8"
I 0.6

S0.4 "'-

0 1 2 3

AIRCRAFT LOAD FACTOR

Figure 36. Continued.

1~40



U

244

0 2-

1

hii

3 i

S~-

AIRc.FT LOAD FACTOR

SFigue 36 Ceaeu.e2

hii



/2

j i1

4'

Ji

II-

0 I 2 3

AIRCRAFT LOAD FACTOR

14

' {

La Ih 2 3

AICATLOAD FACTOR

Figure 37. Adjusted Sling and' Hlardpoint Load Factor
Dataforthe cH-47 - 1 Pt/ 4~ l'g L.oad.

Sl142

!.* ~ -- w-~~- ~-- ~ ~ ~ - - - ---



II

0.6

0.5-

0.3

_ 0.21

z 0.1

00

0 I 2

ARCRAFT LOAD FACTOR

7

o 5-
q4

00

I T

0 I 2 3

AIRCRAFT LOAD FACTOR

Figure 37. Continued.

113



0.6

0.5 I 1
ia~0.4

gg 0.3

0 I 2 3

.AA, Ra•FT LOAD F~ACTlOl

0.6

ii

0..6
0.5l

4 0.4.

, 0.3 -

II 0.2

0]

0 2 3

AIRCRAFT LOAD FACTOR

Figure 37. Continved.

1144



0.3

0.5

0.3.

••0.2---

0
0 2

AIRCRAFT LOAD FAC•TR

7 - -

-J

2

0 "2

A AFT LOAD FACTOR

Figure 37. Continued.

145

2.:

- - V ' .-



2-4-

0

5-

4 I
U-J

w - - 13 -4-L

Lu •

0 I 2 3

AIRCRAFT LOAD FACTOR

4

Ci -I 4
0--

0 I . 3

AIRCRAFT LOAD FACTOR

Figure 37. Concluded.

* -. ****-6



S3

i I

0 l
0 I 3 3

AIRCRAFT LOAD FACTOR

i -J

0
,0 2

AI/RCR•s LOAD FACTOR

Figure 38. Adjusted Sling and Hardpoint Load Fac.tor
Data for the OV-I 1 Pt/ 3 Leg Load.

V17

_ "
~J~j I

I-1



0.3

0.

0I

0 0I 2 3

ARCRAFT LOAD FACTOR

:.2

U 1.0IL

C-8

0.6

So 0

0 2 3

AICRAiT LOAD FACTOR
Figure 38. Continued.

1ISR



0.6 --

~ 0.4

0.31* ~~02- --

I0..
1 5 - - -I

0 2 3

ARC:RT LOAD FACMR

0.6

SI0.5

o4 0.-

S0.1

.J

0
0 I 2 5

ARCRAFT LOAD FACTOR

Figure 38. Continued.

119



AI

0.6
S 0.5 ,

0.4

0.3

0.2

0.1

0 12

A AIRCRAFT LOAD FACTOR

1.2

I I,

1.0 I

0.8

00 0.6

Uj 0. 4

0 1 23

AIRCRAFT LOAD FACTOR

Figure 38. Continued.

150

-|



I

4J 2

C,I

0 0 2

li ARCRAF" LOAD F-ACTOR

!2
45 4

ta

00 1 2 3

ACRaFT LOAD FACTOR

Figure 38. concluded.

151



- 4-
2-

0 .L l
0 I 2 3

AIRCRAFT LOAD FACTOR

2

00

Io .

0 20 I 2 3

AIRCRAFT LOAD FACTOR

Figure 39. Adjusted Sling and Hardpoint Load Factor
Data for the Block - 1 Pt/ 1 Leg Load.

152

-r

- I __
- ~ ~ ~ -- ~ -- ----- .-- -- - -



0.3

4 t I

0.11

0 1 2 3

AcOAFT LOAD FACTOR

0.06 1"
0.05

0.04

00.03-

6O.02- - - --

$1 ~0 0.01 -

00A - 1

AFKRAFT LOAD FACTOR
Figure 39. Continued.

153

I ________o_

Figure. 39. Conine



i~

S~0.6

0 .3U "

02 TOo K • -I-

0 1 2 3

ARCRAFT LOAD FACTOR

0.06

0.05 -- -

.I 0.04 --

0,03

t0 0 1L 2

AIRCRAFT LOAD FACTOR

Figure 39. Continued.

154



0.6 - -

. 0.5

04
, o • 0.3 -

0.1 
1 

-

03
0 FT2 3

AIRCRAFT LOAD FACTOR

0.12

0.10

i008

40. o6

S , 
Z • -•,-----
IJ 0.04

a.. 0.02
.40 

I 2 ,3- I-

A•RCRAFT LOAD FACTOR

Figure 39. Continued.

1)>5



tIf

i2

ILI

0 I 2 3

AIRCRAFT LOAD FACTOR

O0 2 3

AIRCRA'FT LOAD FACTOR

Figure 39. Concluded.

4156

-- •- •



2

II ! I

0 1 2 3

AIRCRAFT LOAD FACTOR

2 I

0~ 0 -

-I"

0 2 3

AICRAFT LOAD FACTOR

Figure 40. Adjusted Sling and Hardpoint Load Factor
Data for the Brooks and Perkins Pallet Load.
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APPENDIX VI

DETEMINATION OF STATIC LOADS USED IN THE NONDIMENSIONALIZATION
OF 1( ') FACTOR DATA

The manner for determining •ie values of the static loads T , TL and
"V used to nc.-.dimtasioralize the sling and hardpoint load s S factor

S data is prctented here fur mne single-point and four-point sling
configurations. For either configuration, these static forces are found by
equating forcas and moments acting on the slung load to zero. Any body
axis system with the origin at the slung load cg may be selected which
satisfie.- the condition thaat the sling configuration be symmetrical with
respect the ; z-plxne. Once selected, this axis system remains fixed
in the loe1d Pt IU times. The method illustrated is used for
solving s+a: c low:• of &n indetermnant system which has four cables
or four .V(

SINGLE.POli. 2 C0NFC',..

Figure 45 ill'ustrates the parameters used in the solution. The subscriptL
f and r refer to front and rear sling membei s, and the subscript h refers
to the hook. 2'" distances d and h are measured along the slung load body
axes directions ..ud specify the location of hardpoints or hook (donut)
from the slung load ca. The angles Of and er are the true angles between
the sling members an. the body axis vertical direction. The projection
cf these angles in the xz-plane are referenced as e8, anu 0 . These
geometric quantities plus the slung load weight W1 .LxZ shouRZ all be
known quantities.

The summat-loa of static forces in the z-direction yields the equation

W1 cos Gh = VLs VJsr (164)

while equati..g moments about the slung load cg to zero yields the
equation

(VLsf) (df) +(VL) Cdr) = (DLsf)Cf) "Ds

5f + r f + Sr)Cr(15

where
OL= arctan((dh) (166)

L( hh

D =sf VL tan Gfzz (167)
D Lsr VLsr tan Orxz (168) -

Equations (164) to (168) are solved simultaneously for ( )and

For any slung load geometry the following sign convention should be
used when substituting values into eqs (164) to (168):
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Výsf VL5s are positive along the negative z body direction

sf are positive along the negative Xbody direction

hh, hfS hr are positive for hook or hardpoint below the cg

dh, dr, dr are positive for hook or hardpoint forward of the (!g

The primes in the preceding equations are used to specifY that these values
are not inthmselves the values of static drag or vertical force. Once
Lr and V have been solved, the method for finding the value of VLs

used fornormalizing the lead factor data for the particular slung load
under investigation is outlined as follows:

(1) If the slinZ has two front legs, then

VLsf = (V,. )/2 U69
f

If the sling has one aront leg, then

v~sf = VL (170)

(2) If the sling has two rear legs, then

VLsr (VLsr )/2 (171)

If the sling has one rear leg, then

VL (172)V~r sr

(3) if Visf is greater than VLsr, then VLs = VLsf (173)

If VLS is greater than VLSf, then VLs = VLSr (174) 3
rf

Tb! value of VL from either equation (173) or (174) has been used to

normalize the design criteria data in Figures (19) through (21).

The value of TLs used to nomdi'ensionalize the design criteria data is
found from VLs according to the equationr

TLs (VLsf)/1cos ef (175)

TLsr (VLs )/Cos er (176)

= (if Ts >-Sr) (17)
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(TLf TTL• (fTLsr> ) (178)

The value of VHs used for normalization of the data for the single point
configurations is given by

VHS = w1  (179)

The value of TCs used for normalization of the data for single point
configurations is given by

TCs = W1  (180)

Only absolute values of both static and d4ysic forces are considered in
this design criteria etudy.

FOUR-POINT CONFIGURATION

The calculation of VL for the four point sling configuration is similar
to the same single poInt calculation. Figure 45 may be referenced for
the four-point calculation, with the exception that the sling umbers do
not all come to a cumn-An point. Also, the angle eh for the four-point
arrangement is zero for the configurations s-udied. The equations and
method specified for solving Vjs for the single-point configuration may
then be used to solve for VLs for the four-point configuration.

Once VLs is known, TCs for the four point arrangement may be solved for
in the same manner as TLS for the single-point arrangement. The
sling menbers which are referred to as legs for the single point
confl- uration are equivalent to the cables in the four point configura-
tion.

V11 for the four point configuration is found by first determining the

static values for vertical force at the front and rear helicopter hardpoints
according to the equations

VHsf = Tc cos Yf f

VS = cos yf (lA2)
sr c(rco)

An equations (181) and (182), yf and Yr represent the true angles between
the sling members and the helicopter body axis vertical direction.
Once VHs and VH are found, then VHs is selected according to the rela-
tions

SV Hs =Vs (if VHs > VHs) (183)

SVHSs VHsr O•f VHS r > VHSsr) (184)
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Examples of the Application of the Sling and Hardpoint Design Criteria

Example 1.

CH-47 Chinook - 1 Pt/4 Leg slung from a helicopter with a Design Load
Factor of N = 2.5.

For N = 2.5 the following data is available from Figures (14) to (21)
for tfe helicopter type load:

LFTc max = 2.50
LFrL max 4.81

LFVH max 2.50

LFDH max= 0.33

LFSH max = 0.39

LFVL max - 3.89

LFDL max = 6.10

LFSL max = 0.53

The static forces are now calculated vith tie following known load and
sling geometrics and properties (see Figure 46):

WL = 12,990 lb

f = 59.3 deg

ef = 59.1 deg

6 r 48.5 deg

o 48.2 deg

r
Sdf 17.4 ft

d -- -12.0 ft

h f o .04 ft

h 0.3ft
r

d 0 ft
n

hh l0.4 ft
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substituting these values into eqs (16164 through (168) yields,

(12990) cos O = Vt + V I
Lsf Lsr

(VI (17.4) + (v ' ) (-2.o) =(D ) (o.o04) + (DL' (3)
'sf Lr f1  Lsr

e h arctan (0)I(lO.1)

SD1'= Vt' tan (59.1 0
f Lsf

D; 'r'oL rV tan (48.20)S~Lsr

solving simultaneously for VLý and V yields,

V 1 5310Lsf

V '= 7680

since the sling configuration has two forward legs and two rear legs,
eqs (169) and (171) are used to find

"Vi = (5310)/2 = 2655 lb

VL (768o)/2 = 38340 Ib

V , therefore

= 3840 lb

From eqs (175) and (176);

T Tf 26 55/cos (59.30) = 5160 Ib 5

T= 38oo/cos (48.50) = 5790 b

Therefore

"T 5790 1b

For any single point configuration eqs (179) and (180) yield

'n W= = 12990"b

Tr = W = 12990 Ib
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Eqs (140) to (1)47) are now used to solve for the values

Tc = (12990) (2.50) = 32,400 lb
max

VH = (12990) (2.50) = 32,400 lb
mx

DH = (12990) (0.33) = 4,280 lb
max

S = (12990) (0.39) = 5,070 lb
max

VL = (381±0) (3.89) = 14,940 lb
max

SDLm =(38140) (6.10) = 23,1400 lb

S = .3840) (0.53) = 2,04O lb
L

max

TL = '5790) (4.81) = 27,800 Ib
max

These are the maximum forces which can be developed dynamically for this
slung load type and sling arrangement when suspended from a helicopter
capable of attaining a normal load factor of 2.5.

i

Example 2.

CoDtainer - 4 Pt/O Leg (fwd cg) slung from a helicopter with a Design
Load Factor of F = 2.0.

For N = 2.0 the following data is available from Figures (14) to (21)
for tde Type 1I, 4 Pt load:

LFTCmax = 2.33

LF. =2.29
Hax

LFDHmax = 0.75

LFSHmax = 1.01

SLFV = 2.26
"max

LFD. = 0.70
Lmax

LFS = 1.21

The slung load and slinging geometry is illustrated in Figure 47.
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From the gecmetry, the following quantitie3 are known:

WL = 15,000 lb

Of = 16. 4 deg

e= 14.5 deg

er 16. 4 deg
er=

e = 14.5 degrxz

df = 8.o ft

d = -12.0 ft
r

hf 1.0 f-t

h 1.0 ft
r

Oh = 0 deg (for the 4 Pt configuration)

Eqs (16h) to (168 then yield

(15000)coseh = Ve + V 'Lsf Lsr
Vt' (8) + V ' (-12) = D ' (1) + D' (1)
Lsf Lsr Lsf Lsr

e h = 0
D I Vb' tan (14.50)

SLsf sf

=D ' -v ' tan (14. 50)Lsr Lsr

Solving these eqs simultaneously for V ' and V ' yieldsLsf Lsr

V = 8960

v = 6o0o

Since the sling coafiguration has two forward legs and two rear legs,
eqs (169) and (-7!) are used to find

VL = (8960)/2 = 14480

v,= (6040)/2 = 3020Ls,
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VL ) V ,therefore

Ls@

VL 14148o lb
VL

S

From eqs (175) and (176);

TC = 44 80/cos (3.6.30) = 14610

T 3020/cos (16.20) =31h0Csr

Therefore

STc = 461o lb
S

VH can be solve-1 from eqs (181) to (184) accordingly:
s

V= (610) cos (16.30) 1= 80
Hsf

"= (3140) cos (16.30) 3020
r

V > VHr thereforeHf > Hsr

VH = 4480o b
S

Eqs (140) to (147) are now used to solve for the values

TC = (4610) (2.23) = 10,300 lb

V=max = (448o) (2.29) = 10,250 lb

D Hmax (4480) (0.75) = 3,360 1b

SAmax: (4480) (i.01) = 4,530 ib

VI-ax = (4480) (2.26) = 10,100 lb

D i-ax (4480) (0.70) = 3,1140 lb

S max (448o) (1.21) = 5,420 lb

These are the maximum forces vhich can be developed dynamically for
this slung load type and sling arrangement when suspended frcm a
helicopter capable of attaining a normal load factor of 2.0.
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