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PREFACE

This final technical report covers a study program conducted to define
important flight control system design and handling quality criteria for
moving loads slung beneath tandem-rotor heavy lift helicopters. The
study was conducted by members of the Flight Simulation Test Group,

with Mr, J.B. Sinacori serving as Principal Investigator, Principal
contr!butors to the simulation portion of the study were Messrs,

A.Y., Murakoshi, R, Silvestri, W.G. Spring, and W.L. Ross. The non-
linear sling lcads analysis was performed by G.L. Danek.

The basic study involved flight simulation of the Model 347 advanced
tandem~rotor helicopter and was sponsored by the U,S. Army Air Mobility
Research and Development Laboratories (USAAMRDL), under Contract DAAJO2-
72-C-0112. Mr. Robert P, Smith served as USAAMRDL monitor. Work was
started in July 1972 and the study was completed in October 1973. During
that 15-month period, a detailed mechanization of a tandem-rotor heavy
lift helicopter was developed for use with Northrop's large-amplitude
moving-base simulator and its integrated computer facilities. These
simulation facilities and the detailed helicopter mechanization were used
during the 15-month contract period on a directly related USAAMRDL study
(Contract DAAJ02-72~C-0047) involving the stabilization of externally
slung helicopter loads and for related HLH control system studies
conducted by Boeing-Vertol anéd a closely related study conducted by
Northrop under direct contract with Boeing.

As work on these closely related study projects progressed, the common-
ality of many study objectives became apparent, The impact of this common-
ality resulted in modification of certain aspects of the Contract DAAJO2-
72-C~0112 study to avoid duplication of effort and to take advantage of

the detailed simulator mechanization set up for the other directly related
control system simulation studies. Thus, a substantial body of data
developed duiing the conduct of the Contract DAAJ02-/2-C-0047 studv and
certain data developed during the Boeing-Vertol simulator studies

have been integrated with Contract DAAJ02-72-C-0112 data and are contained
in this report.

The major subsections that comprise the body of this report discuss
derivation of the equations of motion, analysis of sling load carrying
problems, the dynamics of an 8-by-8-by-20-~foot container slung beneath

a tandem-rotor helicopter, and a Model 347 helicopter flight simulaticn
with external loads. Methodologies used in developing this data include
theoretical analyses, acquisition and evaluation of static and dynamic
wind tunnel and flight test data, and piloted ground-based simulation.

The discussion is followed by a brief statement of conclusions reached, and
the report concludes with an appendix containing functional block diagrams
and other data relative to the computerized flight simulation of the

Model 347 helicopter.
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The mathematical model used for simulation of the full flight envelopz of
the Model 347 tandem-rotor heavy lift helicop’er is described in detail
in Reference 1 and is summarized in this section, Brief descriptions of
each major calculation are presented in the general order of their per-
formance, starting with equations of motion and concluding with the
forces and moments that drive the .otion equations.

The helicopter is modeled as a rigid body, with symmetry assumec about
the X-Z plane so that Itv and Iyz are zero. Linear and angulax

accelerations of the airframe are expressed in the helicopter body axis
system, The forces X, Y, and Z and moments L, M, and N contain only
aerodynamic terms. Euler angle rotations are performed to orient the
airframe in inertial space. The basic equations of motion providing linear
and angular accelerations about the X, Y, and Z axes are:

Lineax Acceleration

. X _ _

u= -8 sin 8 + Rv = Qw

v = L + g sin ¢ cos 8 + Pw - Ru

m

W= §’+ g cos + cos 8 + Qu - Pv

Ansulag Acceleration

= — 4 (2B )R 4 |22 | g {22} ro
it I I I
XX XX XX xx [

. M 1 (1. -1)
R X2 2 _ p2 —2Z XX
yy yy yy

. N L. \. (. =1 ) "
— XX Yy -

R = +-I-uP+ - PQ - 1-4 QR
22 zZ 42 Z2

1. Cogan, C., Gajkowski, B.J., and Gurnett, T.S.,Jr., FULL FLIGHT
ENVELOPE MATHEMATICAL MODEL FOR 347/HLH CONTROL SYSTEM ANALYSIS, The
Boeing Company Report No. D301-10148-1, December 1972,
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The linear and angular accelerations of the helicopter were mechanized
for the hybrid simulation on an analog computer. By integrating these
accelerations with time, linear and angular velocities in the body axis
are produced. Fuselage angle of attack and sideslip information are
derived from body axis linear velocity resolutions, corrected for the
influence of rotor downwash on the fuselage and for steady wind or gust
velocity.,

The total linear aerodynamic velocities associated with fuselage g and
B sonsist of body axis ground speed, steady wind velocity resolved

into the aircraft body axis, aad gust velocity resolved into the aircraft
vody axis. Steady wind velocities introduced into the linear velocity
equations are based on a steady wind (V ) blowing from a fixed azimuth

(¢ ) in the inertial X-Y plane on to the helicopter. This wind from the
fixed inertial uxis is resolved into the body axis and rotor axes of

the helicopter.

Before the fuselage a.gle of attack can be defined, using aerodynamic
velocities, the effect of rotor downwash on the fuselage must also be
considered, The forward and aft rotors both produce a downwash
component on the fuselage that is assumed to be equal to an "average"
induced velocity of the rotor system. Fuselage sideslip angles do not
require correction for rotor downwash interference and may therefore be
defined as functions of total longitudinal and lateral aerodynamic
velocity,

Rotor forces and moments can be calculated as soon as the rotor control
inputs, angle of attack and sideslip values, and both inflow and advance
ratios are known. Rotor angle of attack and sideslip are computed from
linear velocity components in the same way as described for the fuselage.

The first step in computing rotor sideslip or angle of attack is to sum
the total velocity components with the velocity of each rotor relative
to the aircraft center of gravity created by the aircraft's angular
pitching motion (tangential velocity component resulting from airframe
angular velocities).

Next, the linear velocities at each rotor hub are resolved through the
shaft incidence angle into the shaft normal plane (SNP). According

to classical rotor theory, all rotor force, moment, and flapping
calculations are based on the assumption thac the rotor faces directly into
the wind, with no sideward velocity component existing. To meet this
requirement for zero sideward velocity, the longitudinal and lateral
velocity components at the rotor hubs are resolved through the rotor side-
slip angle (B') into the SNP wind axis. A single velocity vector in the
rotor SNP is formed and is defined as being parallel to the local wind
direction in the rotor.

e




Rotor advance and inflow ratios ( and A) are defined as the ratio of
the rotor SNP wind axis longitudinal and vertical velocity components,
respectively, to the rotor tip speed. These values of advance ratio are
used for all rotor calculations carried out with the classical equation
approach. Rotor maps, on the other hand, require the use of a modified
advarce ratio because the tabular map data is nondimensional.

Inflow ratio is comprised of terms resulting from free-stream velocity
(normal to the rotor) and induced velocity., Two terms are added to the
free-stream velocity component of the inflow ratio. One accounts for
the uniform induced velocity of the rotor under consideration,and the
second reflects the interference downwash of the other rotor imposed on
the rotor under considevation.

Each rotor of a tandem-rotor helicopter receives only three types cf
input under pilot controli

. Collective Pitch BQ’ produced by longitudinal and collective stick

or Stability Augmentation System (SAS)/Automatic Flight Control
System (AFCS) i:-.pucs.

. Longitudina’ Cyclic (BIC)’ aormally comprised of "q" sensed cyclic

trim and/or AFCS cyclic "on thte stick" inputs.

. Lateral Cyclic (Alp), comprising a combination of lateral stick

and pedal or AFCS/SAS inputs.,

Rotnr input collective and cyclic controls (Bo, B AIC) are compiled

1c’
and both longitudinal and lateral cyclics are resolved through the rotor
sideslip angle to align controls orthogonally to the local wind. Forward
rotor cyclic inputs are corrected for delta three (53) hinging effects.

These corrections account for the phasing of the control system to
produce orthogonal flap response and for the change in blade pitch
occurring because of the 53 pitch-flap coupling effects.

Coning (ao), longitudinal (aI), and lateral (bI) first harmonic flapping

coefficients are computed and first=order dynamic lags are applied to
account for rotor system flapping response. Representation of rotor
flapping in the dynamic model is accomplished by using quasi steady-state
classical calculations based on the following assumptions:

o First harmonic theory
« Unifown inflow
. No reverse-flow effects
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. ldentical forms for front and rear equations
. Uniformly twisted untapered blades
. No §, effects (accounted for by correcting input controls,
as discussed earlier)
« Zero tip-loss factor
. Negligible hinge offset
. Rigid blades
. No stall and compreszibility effects
. Constant lift-slope and drag coefficients varying only with CL'

Rotor forces and moments are computed, using either the classical equation
method or the rotor map approach. In the former case, forces are resolved
perpendicular and parallel to the SNP and aligned with the SNP wind axis,
In the latter case, rotor thrust, power, and propulsive forces are

derived from isolated tabular rotor or wind tunnel data and expressed in
the rotor wind axis,

Fuselage aerodynamic forces and moments ¢re calculated from tabular data
derived from wind tunnel tests. Rotor aerodynamic forces and moments are
resolved through rotor sideslip and shaft incidence angles back into thec
aircraft body axis, These resolved forces and moments are summed with
body axis (fuselage) forces and added to each moment imposed on the air-
craft by individual rotor T, H, and Y forces. These force and moment
sums are inserted in the equations of motion to compute the airframe
acceleration set,

Engine governor response to acrodynamic rotor powver requirements is
computed along with individual rotor speed degrees of freedom. Rotor
shaft windup spring rates are accounted for in the governor model.

The external sling load is coupled with the rigid-body helicopter
equations of motion described on page 6. The aercdynamic force and
moment data used with the sling load equations is given in Ta.le 1.
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(Sharp~Edged Box - Body Axis)
DRAG, DLT YAWING MOMENT, NLT SIDE FORCE, YLT

BL% o [ -10 | -20 0 ] -10 [ -20 0 [ -10 ~20
| 0 34,94162,99 |67.72 9.2f =4.8} -11.5]| -2.3| ~-1.9 =4,0
2 57.27163.,69 |68.70} 42,7| -12.,6| -39.6 | -9.8] -12.4 | -19.8
4 58.76164,39 |69.68| 64,8} -19.0] -65.5 | -14.8| -20.9 | -35.5
6 60.73)66,62170.47| 88.3| -27.0] -89.4 | -21.6} =30.9 | =-49.9
8 62,17}67.,94|71.17) 93.6| -26,8] -87,9 | -27.4] -38,2 | -61.5
10 63.31168,56 170,39 | 84.,9] -31.9| -87.7 | -32.4} -44,3 | -68.4
12 65,19168,80169.80| 59.,4| -51.91 -94,7 | -38.5] =52.,2 | =75.8
14 67.50]68.86 |71.26 ] 33,9| =72.1 |-117.4 | =44,6] =59.4 | =-85.9
16 68.22}§69.96 |71.04 4,3 75,3 -122,6 | -50,3] -67.0 | -93.4
20 70.47172,63171,37 | ~62.8] -59.6 |-130.4 | -65.7| -82.1 |-103.5
25 69.5 |70,38 |71.01 |-121.3| -87.5|-146.4 | -86.0} -99.0 |-113.0
30 68,6 168,12 (70,65 |-179,8|-115,3 |-164.4 F107,5|~-115.6 |-122.6
40 58.2858.86 [61.75 |~232,9 {=175,9 {-200.2 p144,6{-144,1 [-155.3
50 45,42 48,33 46,21 |-259,2(-227,3 |-223.6 }175.0|-180.9 |-184.8
90 «36]-1.32 |-4.54 ) -3.1] -8.0] -1l.6 F225.8)-225.7 | =225.7

NOTE: Units for the aerodynamic forces and moments ahove are:

D, (FT%) = D/q, N (FT%) = N/q, and Y ,(FT?) = v/q.

The method of integrating the sling load equations with those of the
helicopter is described in following paragraphs.,
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The rigid-body equations for two vehicles (nelicopter and load) were
linked by additional equations describing cable tension forces. These
forces and their corresponding moments were added to the forces and moments
due to gravitational and aerodynamic effects. The key is to describe
the movements of the lower attach point relative to the upper one for
each cable, and compute the tension force as a function of the cable
elongation heyonac the zero tension value. The cable forces are written
in terms of the stretched length and length rate and are used together
with matrix representations for the displacements of the lower attach
points (load) relative to helicopter~-fixed axes. The coupled equations
describing the movements of two vehicles in twelve degrees of freedom
when there is a single cable attached to both vehicles follow:

X

HELICOPTER AXES

\\\\‘~—-_—UPPER ATTACH POINT

~\__LOAD AXES

LOWER ATTACH POINT

Z
B

The nomenclature describing the axes systems used and attach points for
one cable is shown above. In this diagram, £ is the straight line
distance between the attach points. When this distance 4 is greater

than £ , the zero tension cable length, a tension T exists which will
produce forces and moments on helicopter and load, thereby coupling them
together dynamically. It now remains to compute the angles ), and A

and postulate the cable tension T as a function of £ and its derivatives.
The format for these computations shown for n** number of cable systems

is given on the following pages.
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1) Difference between lower attach point velocity and upper attach point
velocity, relative to helicopter axes for the n™ cable.
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3) Resolution of the nth cable tension Tn into forces and moments in

helicopter and load axes.

pr — p— - e T
Xar g Loy Xp Xt
n n n n
B AL T
tr (3] LI ()" |0 |, [ M |- |, [x | e
n n n n
Zgp i Nat 2y Zgr
n n n n
=D - = ﬁJ == L
- = - = —
Xur 0 Lyt XA Xat
n n
Y = X T 0 M = |y Y
- , -
AT [n] AT A lx | A
Lt B Nat 25 Zar
n n n n
- - I L - | ] L i

|
}
!
1
i

Tn the above expressions, the matrices [AJ and [B] represent the commonly
used orientation matrices of direction cosines for %he helicopter ( [A] )
and the load ( [B] ) respectively, The matrix Anl represents the
transpose of the orthogonal matrix of direction tosSines of the taut cable
after being rotated through the angles kln and l2n'

E cos}Lln sxnxlnsinxzn sinxlncosxzn
T _ 0 o
5 kn = cos}L2n 31n12n
3 s .
31n11n coskln51n12n cosklncosxzn
1 —= —

A L Wt
ey 0% S G ST
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4) Finally, tue .able tension equations must be written. In the case
chosen, the cable is assumed to tense when its length is greater
than its zero-tension value. The tension functions are assumed to be

linear; i.e., the force is proportional to the cable stretch and
stretch rate, :

(xA ? yA ? zA ) (xA ? yA ? zA )
n n n n n n

(x'QyBQZB)
n n

n
1 < Lo L 2 Lo
n n
Tn =0 Tn = KL (Ln-lo ) + KI Ln
n n n
(CABLE SLACK) (CABLE TAUT)

Other tension functions may be used to represent sling material such as
nylon,which is known to have nonlinear tensile properties.




ANALYSIS OF SLING LOAD CARRYING PROBLEMS

The validity of the linear analysis of sling loads was tested by comparing
its results with flight data. A number of candidate sling-load flight
tests were examined, and two well-documented cases were selected for
comparison. The first case involved a test of an empty MILVAN container
on a two~cable suspension by a CH-47C helicopter as described in

Reference 2. The container was carried small-end-into-the-wind, using

a spreader beam weighing 3505 pounds, Reports of the pilot and ohserver
about container motions, and the pilot's judgments about maximum allowable
carrving speed,were studied. The results are summarized in Table 2.

The second case involved a lift made in Colorado by a CH=~54 Tarhe.

The load was a 13,500-pound mobile home slung on a single cable with
cross-slings and spreader bars, Observer reports from a chase helicopter
and film records were examined in detail. The findings are summarized

in Table 3.

In general, the comparisons are very poor, particularly when the container

is carried small-end-forward on a two-point suspension. The linearized

analysis predicted no instabilities, with an increasing yaw frequency as

airspeed increases, while the observations showed sustained yaw oscillations
t about the zero airspeed (bifilar) frequency. In the broadside case,

.10 pilot reports of oscillatory frequency were available. Indeed, the

analysis predicterd a damped oscillatory motion which was not apparent

in the film records, The comparison, therefore, is quantitatively incon-

clusive but qualitatively interesting because t.ue load did stabilize

to a broadside position and the airspeeds flown were less than the

predicted maximum stable airspeed.

This generally poor correlation coupled with the lack of good data for
! dynamic comparison prompted the setup of an analog computer to conduct
; a nonlinear analysis. A parallel theoretical effort was also initiated.
| The simple linearized equations of motion previously described were
‘ programmed, the yaw axis was made to allow continuous rotation, and yawing

] 2. Watkins, T.C., Sinacori, J.B., and Kesler, D.F., STABILIZATION OF
: EXTERNALLY SLUNG HELICOPLER LOADS, Northrop Corporation Aircraft
Division; USAAMRDL Technical Report 73-42, Eustis Directorate,

U, S, Army Air Mobility Research and Development Laboratory, Fort
Eustis, Va., August 1974,
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TABLE 2, FLIGHT DATA ANALYSIS COMPARISON
(8-By-8-ny-2o-Foot Empty Container, Two-Point Suspension)

P e ‘-====—_—---1=i

FLIGHT DATA ANALYSIS
.
Load Weightsieessseessseeseeaa8705 1b
- CH-47C Estimated Yaw Inertia 9011 slug-ft
Bo-FT SPREADER ‘P.................-.--.....62 ft
CABLES Bpevecesceieniecnncnnennss.50 ft

B‘X‘B‘X‘N-FT x .........:.....-..........12 ft

8-F7 - NTAINER | ©
SLINGS — © Angle of AttacKeeeeoeeeeosss 0°
C. =+ 1.74 -10° < °
Load Weight ng /rad (-10° < B < 10°)
Container..............5200 lb -] °
C, = -2,06/rad (-10 < 10
Spreader Beam..........3505 1b A /rad ( <f )
Catle Length............... 50 ft C = =1.625 (_100 < B < 100)
Sling Length............... 8 ft nr
Cable Separationessesssesss 24 ft ROOTPLOT
Rigged Pitch Angle......... 0° w
QBSERVATIONS
FOR YAW ] 1.668 V_=0,
The level container with 50-ft INCREASING
. AIRSPEED
cables exhibited a yaw oscillation SWAY
of 0.25 Hz (1.57 rad/sec) with an —® 0721 v - \/g%
amplitude of £35° at an airspeed : 0~0
of 90 kn. This load oscillation

coupled with a lateral swinging 0 =
induced an aircraft roll oscilla-

- bili .
tion of £5°. The load motion fed No instability occurs up to airspeeds

of 100 kn,
forces into the aircraft which were
heavy and uncomfortable. The *Estimated from the assumption of a
maximum recommended airspeed for longitudinally uniform container
operational conditions was con- .2
sidered to be 70 kn. M Ap

I, = L, X, =10 ft

B
3 L
2YNOPSIQ

Results of the analysis show no instability with damped yaw oscillation of
frequency thet increases with airspeed. Sway damping increases, but fre-
quency is nearly constant, Flight observation shows a sustained yaw
oscillation at the zero airspeed frequency -of the analysis. The yaw
amplitude is obviously exceeding the sideslip constraint for the aero-
dynamic data of the analysis. Generally, there is very poor correlation
between analytical results and flight observations.
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TABLE 3. FLIGHT DATA ANALYSIS COMPARISON
(Mobile Home, Single-Point Suspension)

FLIGHT DATA ANALYSIS
(
J Load weight.................13.500 13
; Estimated Yaw Inertia 18,482 slug-ft
CH-54
CABLE
QREADER LP".'."'."'."".'.".'.' 40 ft
xc.'.".....'...'.....".... 0
SL|NGS Angle of Attack..'.......'.. -50
T woToR HOME| . _ 87/rad (480° < g, < £100°)
Load Weightee.ee.eesss.0s.13,500 1b |n . BL<
Load Dimensions CYB = -0,07/t=] (£80° <« BL<<i100°)
Length..."..'..'...'.. 23 ft B - - ° []
width.."""."'.'.'.. 7 ft Cnr— 1.625 (iso <BL<i]-00 )
Height'.""'.""'..'. 8 ft x2
"8
Cable Length #1, = — X =11.5 ft
Hook to load ctr of masS...+0 ft Z 3 BL
Rigged Pitch Angle.eceeses -5°
QBSERVATIONS ROGT PLOT
jw
The load tended to rotate in yaw, V, =68 )
but stabilized in the broadside / KNOTS Vo=°'\/§f
position, Maximum airspeed reached T
was about 60 kn. No instability SWAY\d.«O.BW
was encountered, even in turbulence, =4
SWAY MODE BECOMES
UNSTABLE AT
PR V,, = 68 KNOTS

fVo=°
1} g
0 —

SYNOPSIS

The significance of this comparison is that the load stabilized in the
broadside position, which is verified by the analysis in which two broad-
side yawing moment nulls are predicted, with dynamic stability about

those points below an airspeed of 68
check is not possible because it was

case indicates positively that the static aerodynamics used with
a simple analysis may in fact be predicting reality correctly.

knots. A specific yaw frequency
not observed in flight, This

17
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moment data for any value of yaw and sideslip angle was incorporated.
This extension of the analysis did not provide results that compared
favorably with flight data. No sustained oscillation could be produced,
although many of the properties of the broadside case could be reproduced.
Therefore, a redirection of effort became necessary and is described in
the following section.

18
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TEST PROCEDURE

Previous attempts to predict the action of sling loads by using a linearized
dynamic model based on static wind tunnel data resulted in a poor pre-
diction for the small-end-forward case and a somewhat better prediction

for the broadside case., Since the broadside case s not likely to be

the candidate positica for high-speed operations (due to drag), a better
analytical method is needed before an understanding of sling load behlavior
can be achieved. Certainly, what has been learned to date is not sufficient
to justify a formal study of all the variables and all the

possible stabilization schemes.

With this in mind, our effort was redirected so that a dynamic wind

tunnel test could be performed., The belief at this point was that unsteady
aerodynamic effects were present which dominated the dynamics, particularly
for the more important small-end-forward ca e,

The 0.l-scale model of the 8-by-8-~by-20-foot container used for the static
tests was available and was modified slightly su that it could be hung

in the tunmnel test section, The suspension system consisted of two cables
with end fittings that allowed the creation «f a number of single~ and
two-point suspension systems. Attach points were available at 1, 3, 5,

7, and 9 inches on either side of center.

Tufts were taped to the model for airflow identification,and the floor of
the tunnel was striped for a camera reference. All the pertinent variables
were measured, including yawing moment of inertia, weight and center-of-
gravity location, cable length, and cable separation. The primary
instrumentation consisted of a 16mm camera located above the tunnel as
depicted in Figure 1. An airspeed cone was hung in the tunnel for a visual
indication of airspeed.

A rigorous analysis of the model was made before the tests began, using
the linearized equations of motion and the staiic wind tunnel test results.,
To measure the yaw damping function CN , a variety of cases sensitlve to
r
this parameter were isolated and incorporated in the test plan, :

The basic test procedure was to restrain the model by a hand-held fork,
bring the tunnel up to speed, start the camera, and then release the model,
The initial sway angle was set to either zero, six,or twelve degrees.

Zero was generally used for the more active conditions,and six degrees

was generally used for the milder ones,

19
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Documented runs totalled 47, including 3 calibration runs, 17 basic
container runs, 22 with fixed firs added, 3 with drogue chutes, and 2 for
smoke flow visualization tests. Included in the basic and finned tests
were level and drooped runs (to vary angle of attack), narrow cable runms,
unequally spaced cable runs, and single cable rums.

TEST RESULTS

1. The first free model run at 20 knots tumnel speed for the level box
showed a surprising disparity from the analog computer runs using the
static aerodynamic data. It was clear that an energy=-producing device
was causing a large yaw limit cycle of approximately +20 degrees amplitude
at the bifilar frequency. As the tunnel speed was increased to 40 knots,
the amplitude increased and the fixed point of rotation moved forward to
the front of the model. All stable limit cycle motions occurred at the
bifilar fregquency.

When hung from a single cable, the model tur-ed broadside and developed
a lateral swayinug motion. With closely spac'd cables, the center of
rotation moved toward the rear of the model. For angles of attack of
=10 and -14 degrees, the model was almost completely still,

2, Eight finned configurations were tested, three of which produced very
little motion., The successful configurations incorporated a long fin
projecting out of the cencer of the rear face (Runs 12-15) or two fins
projecting back from the rear corners, simulating opening the rear doors
of the MILVAN, The fin length was 20 percent of the length of the MILVAN,
Fins of 10 percent MILVAN length were not effective, Tilting the finned
MILVAN 10 degrees down was even better, as the tunnel speed could “e taken
to 67 knots, Initial sway angles of 12 degreces were successfully tested
at this speed.

3. Drogue chutes had little effect on the stability of the MILVAN, One
drogue chute was simulated by a paint filter cone and was attached to the
center of the rear of the MILVAN. This configuration showt . almost no
reduction in yaw amplitude., When the chute was connectec by two cables
to the outer corners of the container, the yaw amplitude was reduced when
no initial sway angle was introduced; however, it reached a stable limit
cycle in yaw after a disturbance.

4, For smoke tests (Runs 34 and 35), a smoke generator was hand-held

in the vicinity of the model and the path of the smoke was observed from
above and at the sides of *he test section. Smoke released near the center
of the forward face would billow out around the sides, revealing a
separation pattern, As the model oscillated, the pattern alternated
asymmetrically, The face on the downstream side exhibited a large sep-
aration plume, while the plume on the upstream side appeared to subside.
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Of more significance was the rapidity with which the plume changed. Smoke
emitted just above the rear face, followed one of two curved paths,and
appeared to snap from one to the other just after the sideslip angle passed
through zero.

5. The behavior of tufts on the rear face was of considerable interest.
They would snap back and forth just after the sideslip angle passed
through zero. For example, as the rear face moved to the left from a
maximum right position (nose left), the tufts would point left. As the
rear face passed through the neutral pusition (about -3 degrees sideslip),
the tufts reversed quickly and pointed right. This action then reversed
itself,

22

el s he o aak 2yt bt K el




B M S s,

The poor correlation between flight data and the results of the linearized
analysis prompted the initiation of a nonlinear analysis. It was decided
to use a small analog computer so that on-line comparisons with film
records could be made in real time, Incorporation of the nonlinear
aerodynamic yawing moment and the extension of the yaw degree of freedom
to allow continuous rotation did not produce results that compared with
flight data, particularly for the small-end-forward case.

INTERPRETATION OF DYNAMIC WIND TUNNEL TEST RESULTS

It was obvious from the beginning of these tests that a dynamic yawing
moment existed that could not be attriburted to damping moments due to

yaw rate. The identification of this additional dynamic moment began with
a detailed examination of the tuft behavior on the rear face. It is likely
that the "switching” back and forth of the tufts was caused by a rapidly
reversing flow pattern which, in turn, was caused by the transition of

the flow back and forth from a partially separated state to a fully
separated one, The resulting flow required time to establish itself and,
in the process of doing so, generated unsteady flow effects. For example,
when a two-dimensional airfoil is oscillated in a wind tunuel, a vortex

is generated on the suction side while the angle of attack is increasing.
This vortex precedes the separation and is accompanied by a low-pressure
region which propagates downstream and creates a "pulse" of pitching
moment.,

It appears that this mechanism is responsible for creating the dynamic
yawing moment, Specifically, as sideslip reaches about 3 degrees and is
increasing, a vortex propagates downstream along the downstream side.,

When it reaches the rear face where the vortex can now "draw in" more flow,
it does so, and a small sharp pulse of negative pressure appears on that
side of the rear face., This causes the tufts to reverse and creates a
small pulse of yawing moment that reinforces the oscillation. With this
hypothesis in mind, Figure 2 depicts the dynamic yawing moment evolved
from the analog matching study. Note that a moment hysteresis is present;
i.e., a dynamic moment is present only when the product of sideslip and
sideslip rate is positive and sideslip remains within certain limits,

ANALOG MATCHING STUDY

The motion of the tufts and the smoke pattern suggested that a vortex

was being shed as the model rotated through nearly zero sideslip. The
purpose of the analog matching study was to find a vortex model that could
be added to the wind tunnel static aerodynamics and conventional rotary
derivatives which would satisfactorily match the observed dynamic tunnel
test results over a wide range of conditions. Ground rules were established
for the vortex model as follows:
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Tue model should be compatible with established concepts of unsteady
flow effects,

# ¥ hadiony Sl

No changes to accommodate a match at different speeds should be
necessary.

Changes could be made to accommodate different angles of attack and
the addition of fins.,

The matching conditions consisted of first generating an oscilloscope

disp! y representing the centerline of the MILVAN, scaled so that the

sway znd yaw modes appeared as if viewed from above. Next to the
oscilloscope, the films of the tests were projected at approximately the
same size, A compute -, programmed with the appropriate initial conditionms,
was set to start computing when the projected film showed the model being
released.

It was obvious at the start that an exact movement-for-movement match
could not be made; therefore, an attempt was made to match the limit cycle
frequenc/, growth and decay rates, and fixed point of rotation or phasing
of the modes., Since CN was an unknown parameter, initial attempts were
r
made to match, using this parameter., It was found that a match could be
made at various levels of CN . Hence, it was set to a "reasonable" level
r

and not changed. The larger the CV , the larger the value of the unsteady
L
r

moment that was required to match the wind tunnel data, This led to the
energy balance concept presented in a following subsection. The shape
and magnitude of the unsteady moment function had considerable influence
on the growth and steady-state magnitude of the limit cycle. The shape
could not be defined precisely because of the inaccuracy of the test
data and the use of an eyeball match; however, as more test runs were
matched, more confidence was gained in the model.

Some of thke conditions that have a substantial impact on the shape of

the unsteady function (Figure 2) are illustrated by the following examples.
Three runs at a l4-degree angle of attack displayed an extreme speed
sensitivity and a dual mode stability, These cases and others tended

to have a small-amplitude stable limit cycle with no initial disturbance \
and, when disturbed, a large-amplitude limit cycle. An increase in

speed in one run at -14 degrees of attack angle caused a change in limit
cycle. There were no cases of limit cycle amplitudes between approximatel:
42 ané £10 degrees. These conditions were met by reducing the magnitude

of the unsteadvy function at sideslip angles near zero and forcing it to
zero beyond +9.5 degrees sideslip. After this form of unsteady moment
function was used, only changes in magnitude were required to match the




various configurations., The fact that the unsteady function was zero
beyond £10 degrees sideslip ané the fact that the container had its best
stability at angles of attack of 410 degrees are probably related.

Because of the phasing of the sway and yaw motions, one point on the
container appeared to be fixed relative to the tunnel. This is referred

to as the "fixed point of rotaticn.”" It is interesiing to note that this
fixed point of rotation was near the front and moved forward with increased
speed when X = 9 inches. However, with reduced cable separation

(Xc = 2 1nchgs), the fixed point was near the rear of the container.

In all cases with the wide cable separation, the sway mode quickly dis-
sipated and the sway motion was forced by the yaw mode, With the cable
separation such that the yaw frequency and sway frequency are nearly the
same, the modes couple and instability of the classical nature results,

The single-cable cases matched to near perfection.

The analog model matched quite well with the wind tunnel results. The

limit cycle frequency matched to approximately 1/4-cycle in 10 cycles,

or 2.5 percent. Nothing was done to the model to change the frequency
because it was primarily controlled by the cable separation. With small-
amplitude limit cycles the static yawing moment had an effect; however,

with large-amplitude limit cycles it averaged out to nearly zero. The
growth rate of the limit cycle is probably accurate to between 10 and 20
percent, The amplitude of the limit cycle, while the most easily changed
variable, is probably 15 to 20 percent in error, due primarily to the camera
angle not being vertical.

The shape of the unsteady moment curve is undoubtedly in gross error
because of the lack of precise data. The straight lines of the function
do not reflect the lags associated with unsteady aerodynamics; however,
the general characteristics of the unsteady moment which evolved must have
some correlation with reality because the predicted MILVAN motions agreed
well over a wide range of speeds and geometric conditions.,

DYNAMIC MODEL AND PREDICTIONS

Figure 3 is a block diagram of the dynamic model. A logic representation

of the unsteady yawing moment function is shown and the static yawing

moment is also included. The model has a single degree of freedom describing
the motions about the yaw axis only, which is usually a stable limit cycle.
This model is valid as long as the yawing limit cycle frequency (bifilar
frequency) is significantly greater than the sway pendulum frequency.

1f, for example, the bifilar frequency is lowered to about 1,5 times the

sway pendulum frequency, the sway mode will be unduly perturbed by yaw

and a classical instability usually begins to appear.
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ENERCY_BALANCE
PREDICTION OF LIMIT CYCLE (DYNAMIC MODEL)

An attempt was made to estimate the amplitude of the yaw limit cycle based
or the conservation of energy concept. Specifically, the yaw motion is
assumed to be a stable limit cycle at the bifilar frequency, and the
energy added to the system by the unsteady aerodynamics is exactly removed
by the damping function CN with the assumption of sinusoidal motion.

r

Integration of the unsteady moment function into energy is complex for
amplitudes less than 9.5 degrees; however, for larger amplitudes, a
closed-form sclution can be derived as given below.

- =.ll26C 2Vo
Ynax = e buy (¥, 2 -166 rad)

r

In this expression, the negative sign reflects the damping offered by
CN ,which is usually taken as minus; 0.,1126 is the integral value of the
r

unsteady moment function, and C is the normalized value of the unsteady
function and is a function of fins and angle of attack. For a peak amplitude
greater than 0,166 radian, C is only a function of angle of attack as

given in Figure 4. A straight-line function was assumed between the
measured points.

0.3
02 & 02
c -
0.1 -
003 ,WITH FINS 003 004

0.005 0.03

] L] AJ v =¥

0 2 4 6 8 10 12 14 16
I“LIDEGREES

FIGURE 4. EFFECT OF ANGLE OF ATTACK AND FINS,
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It is convenient to express the relation in terms of the Strouhal

number (ST = m'b/VO) thus:
¢ - [Zxam6 [T
max "CN ST
r
where b is container width, mv is the bifilar frequency in rad/sec, and
V° is forward speed in ft/sec. The value of CN derived from the anzlcg
T

matching study is =0.94, When this is substituted in the equation, a
relatively simple expression results:

_ o [2x1126 [ <
b © '\/ X.9% x,\’ Sp 0'27§/ S

Figure 5 shows the model data points, the full-scale points from Reference
2, computer predictions, and the cnergy balance estimate, The agreement
between the computer results and the energy balance prediction is very
good. The flight data from Reference 2 also shows good agreement with the
model for short cables and low yaw amplitude (415 degrees). The agreement
between the energy balance prediction and flight data for large-
amplitude (long cables) yawing is not as good. The reason for this is
that the simple formula assumes the motion to be sinusoidal and the
computer prediction shows it to be approaching a triangular form, This
will certainly affect the calculation for the damping function CN . The

r
reasonably good match between the model prediction of flight results and
the flight results themselves is remarkable considering the strong effect
of angle of attack and the lack of documentation of angle of attack in
the flight data.

STROUHAL NUMBER

Tikis is a nondimensional frequency used in dynamic wind tunnel testing,

It is a frequency in radians per second or cycles per second multiplied

by length and divided by velocity. Holding this number constant from
model to full scale gives the same result as for Froude's number; namely,
full-scale speed is 3,16 times model speed. The Strouhal number is useful
in describing vortex shedding and other properties of a turbulent wake.

It is reasonable to hold it constant for dynawmic wind tunnel testing of
this kind because in doing so the relation between wake motions {vorticity,
etc.) anl model motions is maintained, thus increasing the probability of
correctly representing the unsteady aerodynamic effects.
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MODEL 347 HELICOPTER SIMULATION
SIMULATION FACILITY

The Northrop simulation facility used for the Model 347 helicopter simu-
lation comprises a large-amplitude beam-type motion subsystem that carries
a cockpit, projectors for sky/earth/horizon/target imaging, and a spherical
display screen for the visual display, all on the end of a 30-foot beam

as shown in Figure 6, This motion system provides vertical and lateral
beam translation and cockpit pitch, roll, and yaw rotation as shown in
Table 4.

TABLE 4. SIMULATOR PERFORMANCE
COCKPIT MOTION DISPLACEMENT PEAK PEAK
AMPLITUDES (USABLE TRAVEL)| NO-LOAD ACCELEKRATION

VELOCITY

Vertical Translation (Beam) | %+ 10.4 Ft* 13.2 Ft/Sec | 2.5 G
Lateral Translation (Beam) 4+ 10,1 Ft* 9,0 Ft/Sec | 1.6 G )
Pitch Rotation (Cockpit) + 25 Deg 1.0 Rad/Sec| 16,0 Rad/Sec
Roll Rotation (Cockpit) + 20 Deg 1.1 Rad/Sec| 4.6 Rad/Sec
Yaw Rotation (Cockpit) + 20 Deg 1.3 Rad/Sec| 8.6 Rad/Sec
*Measured at the pilot's eye level

In operation, the motion subsystem produces movements in precise phase and
amplitude, with electrical signals supplied by an integrated hybrid
computer complex to provide the pilot with realistic perceptual cues re=-
lated to actual motions of the simulated aircraft. The large vertical and
lateral translations of the 30-foot gimbaled beam are controlled by two
electrohydraulic servo systems. The cockpit is also gimbaled on the beam
to provide pitch, roll, and yaw rotations, all controlled by electro-
hydraulic servos., Figure 7 shows the gimbaled structure supporting the
cockpit. The dynamic performance of the large-amplitude simulator is
shown graphically in Figure 8.
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The visual display subsystem consists of two different projectors mounted
above the cockpit inside the spherical housing. A sky=-earth projector
provides the pilot with a horizon reference that continually gives visual
indication of the simulated aircraft attitude. A target projector is used
primarily for air-to-air simulation but can also be used for air-to-ground
work. This target information is projected into the screen from a cathode-
ray tube located above and behind the pilot's head.

The force feel for primary controls is provided by a three-axis electro-
hydraulic servo system. This system consists of a conventional two-axis
center stick and rudde-. pedals, Force is applied to the controls by
rotary hydraulic actuators, and the force-feel characteristic is provided
by the console servo electronics and/or the computer. A unique capability
of this force servo system is that it is capable of stable operation with
zero force arplied to the controls, i.e.,a true feel stick,

The monitor and control console is the central operating station for
simulator control, monitoring, test, and maintenance. The console is shcwn
in the lower part of Figure 9. It houses the electronic portions of the
servo, cockpit, and television equipment and provides the signal interface
between the simulator and the computer, An intercom »>ystem in the console
provides communications between console operator, pilot, and the computer
area,

Other support components of the simulator facility include an aircraft-
engine sound generator, an anti-G suit pressurization system, a 3000-psi
hydraulic power source, a hybrid computer complex, and software programs
that drive the simulator,

MODEL 347 HELICOPTER SIMULATION SETUP

To understand the effects of varicus sling load stabilization concepts,

a sophisticated simulation of the Model 347 helicopter was developed and
mechanized on Northrop's advanced large-amplitude simulator. Linearized
equations of motion for the sling load were usedyand the dynamic model of
the 8-by-8-by-20-foot cargo container (MILVAN) was incorporated in the
cimulation.

The existing simulator cockpit was modified to resemble the right-hand

seat of the Model 347 helicopter. An instrument panel was fabricated to
duplicate the configuration of the Model 347 helicopter; all primary 2
instrumentation was actively driven by the computer, Instrumentation

included attitude director indicator, horizontal situation indicator,

airspeed, radar and barometric altimeters, rate of climb, engine rpm

and rotor torque indicators. A Boeing -supplied collective control and
Automatic Flight Control System (AFCS) control panel were also installed

in the simulator cockpit and mechanized to operate similar to that in

the helicopter. A computer mechanization of the control force-feel system
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was developed to provide control forces as a function of airspeed, pitch
rate, AFCS drive commands, and the magnetic brake function.

Additional instruments added to the cockpit for performance of the hover
tasks were longitudinal and lateral airspeed indicators and a computer-
generated CRT display. The CRT display could be presented in three modes:

1) Aircraft motion relative to a fixed point on the ground.
2) Motion of a fixed point on the ground relative to the aircraft.
3) Slung load motion relative to the aircraft.

The scale of the CRT display could be changed by the pilot to depict
relative position (a coarse scale of 500 ' :et to a fine scale of 5 feet

in position).

A validation effort to establish confidence in the simulation preceded the
principal test phase. This validation consisted of setting in the coeffi-
cients which produced a simulation of a known flight condition and then
having the pilot who flew the known flight condition fly the simulator.
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The mathematical model validation of the 347 Advanced Tandem-Rotor
Helicopter was accomplished by comparison of steady-state trim and
dynamic response data with theoretical predictions.

Level-flight data were obtained at airspeeds ranging from 40 knots
rearward to 180 knots forward at a gross weight of 45,000 pounds and a
center of gravity (c.g.) condition of 12 inches aft of the nominal c.g.
location,

Trim validations were performed using two different approaches to genmerate
rotor force and moment parameters: the "classical™ equation approach and
the "rotor map" approach. The classical approach utilized an equation
format to generate rotor forces and moments, whereas the rotor mapping
technique involved the use of precalculated values for thrust, propulsive
force, and power. These precalculated values were then stored in the
PDP9B digital computer which was used as a function generation device

for the math model simulation.

The correlation between values predicted by Boeing Vertol (B-29) and
Northrop hybrid results of steady-state trim data is shown on Figure 10,
Data agreement as shown on these figures is generally good for all trim
conditions. Improvements due to the "rotor map" approach to rotor forces
and moments are noticeable for the higher airspeeds (140 to 180 knots).

Time history responses were obtained for both the augmented and unaug-
mented flight., The augmented flight consisted of longitudinal, lateral,
and directional stability augmentation systems, Control inputs
consisting of a series of steps and pulses were introduced into the
longitudinal, lateral, and directional axes. The resulting dynamic
characteristic comparisons with expected results were good.

The validation of the sling load model was accomplished with a 15,000~
pound external load and a 30,000-pound helicopter at 12 inches aft c.g.

at standard sea level conditions. Sling load pendulum (longitudinal

anu lateral) and bifilar (yaw) modes were excited by separately inputting
l1-inch and %-second pulses into the longitudinal, lateral, and directional
axes of the 347 analog control system, Cable angle responses were measured
and frequency and damping information recorded. The results obtained
correlated ~ell with the predictions.,

The time history results of the aircraft and sling load models as well

as the static trim data were compared with similar data acquired from the
Boeing Vertol simulation of the 347 aircraft. The availability of data

from the Boeing Vertol simulation enhanced the validation of the mathematical
model at Northrop. Data correlations from the two math models were

exact,
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