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Dynamics of a Slung Load

L. Feaster,* C. Poli,{ and R. Kirchhoff{
University of Massachusetts, Amherst, Mass.

The yaw damping coefficient of an 8 X8 x20 ft cargo container is experimentally determined by forced
oscillation tests. The result is then used in linearized small-perturbation stability analyses of a slung load, con-
sidering both single-cable and two-cable tandem suspension systems. The effect of attaching stabilizing fins to
the container and of incorporating a rotating wheel for stability augmentation is also theoretically investigated.
The results agree well with previous model and full-scale tests and also show that the two-cable tandem suspen-
sion system may offer a satisfactory means of transporting the standard cargo container throughout the speed

range of most present-day cargo helicopters.

Nomenclature
b, S =characteristic length and frontal area of
towed body/model
K, K, =arbitrary amplitudes of forced oscillation
T =cable force
U, =x component of steady-state velocity
u, v, w =linear perturbation velocities
X,Y, Z;L,M, N =aerodynamic forces; aerodynamic
moments
X, X, etc. =changes in aerodynamic forces and
moments due to changes in velocities
x',y',7 =linear perturbation displacements
o, B =angle of attack and sideslip, respectively
B, B2 =nondimensional parameters: (3,
=K,w/Uy, B;= (bw/2Uy)B,
0, ¢, ¥ =aircraft Euler angles
o = free-stream density
w = frequency of forced oscillation
Wy =wheel rotational speed
Cp, C,, etc. =conventional aerodynamic coefficients
(Ref. 11)
Cr,,Cu,, etc. =3dC; /da, 3C,, /0, efc.
c =ac, /38=( aN) 2
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Introduction

HE subject or airborne towing has been one of continued

interest over the past half century, and its applications
have ranged from the towing of aerial gliders to the towing of
underwater bodies for antisubmarine warfare. One need har-
dly mention the possible benefits available through helicopter
sling load operations in remote-area construction, ship-to-
shore port operations, and special construction applications.
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The development of the heavy-lift helicopter for the primary
purpose of transporting external loads is one of the more
recent trends to specialize the use of the helicopter for this
purpose.

While almost any cargo can be carried externally if it is
within the helicopter’s payload capability, experience has
shown that the operational envelope of the aircraft must
frequently be restricted. That is, airspeeds are limited, com-
plicated rigging methods are employed, and special stabilizing
devices such as drag chutes or fins are used. Even with these
precautions, instances still occur where the cargo must be jet-
tisoned or the aircraft and crew endangered due to the in-
stability of the load.

With the increased importance of airborne towing, several
valuable investigations have been conducted in the area. Of
the more recent works, Poli and Cromack' analyzed the
stability of an 8 x 8 x20 ft cargo container towed by a single
cable attached at the center of gravity. Their analytical work,
which was supplemented by static wind-tunnel tests, predicted
a high-speed stable region and identified the drag-to-weight
ratio of the slung load, D/W, and the length of the towing
cable, {, as significant stability parameters.

The results obtained by Poli and Cromack compare
qualitatively with the earlier experimental work of Etkin and
Mackworth.? Unlike Poli and Cromack, however, Etkin and
Mackworth showed that an additional low-speed stable region
could occur with favorable yaw damping.

Although the bulk of slung-load operations are currently
being carried out with the UH-1 and CH-47 helicopters which
are only equipped for single-point suspension, and in spite of
the ease and speed of hookup and release and the un-
complicated and reliable jettison system, some researchers?*
have turned their attention to multi-cable suspension systems
for heavier loads. This has been done because of the stability
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difficulties encountered using a single-point suspension
system.

Other methods have also been studied to actively stabilize
externally transported loads. Poli and Cromack' demon-
strated that by the addition of fins there is an appreciable
reduction in the length of single cables required for stability.
Micale and Poli® investigated the possibility of gyroscopically
stabilizing a rectangular cargo container towed with a single
cable by incorporating a reaction wheel. An alternate method,
using winches as active load controller, has been proposed by
Asseo.”?

The foregoing brief review, along with a study of the more
extensive review provided by Sheldon,!'? indicates that
previous research has provided a substantial body of in-
formation regarding the stability of slung loads. These in-
vestigations, however, have tended to be either qualitative in
nature, reporting flight test and wind-tunnel results,?° or the
analytical treatment has been restricted by the difficulty of
predicting C, , the yaw damping coefficient. 1.6

At present, " there are no known analytical methods for ac-
curately determining the yaw damping coefficient of a bluff
body. Therefore, this study first experimentally determined
the value of C, for a box-shaped container and then
analytically investigated the effect of this coefficient on the
stability of the slung load for both single-cable and tandem
suspension systems, as well as for loads which incorporated
cither fins or a rotating wheel for stability augmentation.

Wind-Tunnel Testing

For the wind-tunnel tests, a 1/27 scale styrofoam model
was fabricated to represent an 8 x 8 x 20 ft cargo container.
The University of Massachusetts, Amherst, subsonic wind
tunnel with a test section 20 x 28 x 36 in. long was used for all
tests. During the first phase of testing, the model was inserted
in the test section on the end of a cantilever rod and forced to
translate perpendicular to the airflow (Fig. 1) Sinusoidal rec-
tilinear motion was obtained by using a vibration shaker to
drive the support strut.

Expressing the linear velocity of the model

y=K,wcoswt ¢))

where K, and w are the amplitude and frequency of the forced
oscillation, the linearized Taylor expansion of the
aerodynamic moment, N, can be written as '

N= N0+(Zg>6+<%>5 @)

or, in dimensionless form

¢, =,y oy (L) NE)

where 8=K,w/U, coswt is the effective sideslip angle; Uy is
the free-stream velocity; 7=2tU, /b is the dimensionless time;
b is the model length; C,, C,_, and C, . are the aerodynamic
_coefficients as defined in the Nomeﬁclature and use was
made of the fact that, for a symmetrical body, 8, =8, =0 im-
plies N,=0. Thus, if N is measured with respect to model
displacement, y, the coefficients of Eq. (3) can be identified as
the in-phase and out-of-phase components.

A strain transducer mounted on the support strut to sense
the vector sum of the aerodynamic moment and the moment
due to drag provided an input signal to a two-phase lock-in
amplifier (LIA). The linear displacement of the model was
used as the reference signal. Since the drag varied at twice the
frequency of model displacement and because of the coherent
rejection feature of the LIA, only the aerodynamic moment,
N was measured. The LIA output then yielded the two
aerodynamic coefficients in Eq. (3).
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The values obtained for C,, as a function of the amplitude
of dimensionless sideslip angle, 3, = K,w/Ug, are shown in
Fig. 2, while in Fig. 3 the values of C,, are given as a function
of the dimensionless parameter, (3,. gmce the expressions in
Eq. (3) are to be evaluated at the steady-state condition,
B, =B, =0, the curves in Figs. 2 and 3 were analyzed in the
limit as w—0 with the results: C,,j =1.0/rad and
C,, =0/rad. Here the extrapolation for C,, was further than
desired, primarily due to the limitations of the testing ap-
paratus. The results were accepted as reasonably valid,
however, in view of the previously determined result' that
C, ng = =0.67/rad and the knowledge that C,, could be expected
to equal zero (no interference effects).

In the second phase of testing, sinusoidal rotary motion
about the yaw axis was provided by driving a bellcrank at-
tached to the support strut (Fig. 1). Initial tests were made
using the vibration shaker; however, the drive mechanism was
later modified to use a variable-speed, electric motor to test at
very low frequencies. A torsional strain transducer furnished
an input signal to a two-phase LIA, and the angular
displacement of the model was used as the reference signal.

ng

With the angular velocity of the model, ¥, given by

Y =K,wcoswt &)
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and noting that = —f3, the linearized expansion of the
aerodynamic moment yields

ON N . ON . ON ..
:356 665“1”@\1/6;@%0 %)

or

e, (%) -0, (L) e, () o

where 8 is the sideslip angle, = -y = — K, sinwt; C, and
C,; are the aerodynamic coefficients as defined in the
Nomenclature; and the remaining symbols have been
previously defined. Again, if the aerodynamic moment, N, is
determined as a vector measured with respect to the angular
displacement of the body, the coefficients of Eq. (6) are given
as the in-phase and out-of-phase components.

Although desirable, no electro-mechanical scheme was
devised to cancel the effect of model inertia from the strain
transducer output; thus, Eq. (5) could not be applied directly.
Accordingly, from the rotational equation of motion for the
model, the moment sensed by the strain transducer, —Mr, is
given by

~M=N—-C{ )

where C is the mass moment of inertia of the model about the
rotational axis.

Combining Eqgs. (5) and (7) and expressing the partial
derivatives in dimensionless form, the in-phase component
(IPC) becomes

U3Sh :
1PC=[——C,,dp 5 —C, ”S;

w2+sz:|K2 (8)

where p is the free-stream density and S the frontal area of the
model. Considering two test conditions where the only
variable is wind-tunnel velocity, U,, Eq. (8) may be written
for each condition and the resulting equations subtracted to
yield, after rearranging terms

2
C,.=—[PC),— (IPC 9
4= —HAPCY, = (IPC) } s — s ©)

A similar development for the out-of-phase component
(OPC) shows

Cy, —C; =1(OPC),— (OPC) /] (10)
. 2 1
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Fig. 4 Sinusoidal translation test results of the stability derivative,
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Figure 4 shows the results obtained for C,, as a function of
frequency. The results obtained using the electric motor show
little scatter and are essentially independent of frequency—a
result predicted from the theory. An approximate value of

from these curves is 0.7/rad, where the correlation with
Re?i 1is very good.

The values obtained for the damping term, [C, _C”;’%]’ at
constant oscillation double amplitudes are shown in Fig. 5. As
seen from this figure, the values of [C, —C,,] determined
from both phases of testing (vibration shaker and electric
motor) tend to change sign from minus to plus at oscillation
frequencies above 2 Hz. For frequencies below 2 Hz, the term
reaches a maximum negative (stabilizing) value near 1 Hz and
then tends toward a very small negative value (0 to —0.3/rad)
as the oscillation frequency approaches zero.

Based on the above experiments, it is concluded that

—0.3<C,, <0/rad 11
since the value is desired in the limit as w—0 (i.e., {—0).

Stability Analyses

The results of the previous section are now used in
linearized small-perturbation stability analyses of a slung load
considering both single-cable and two-cable tandem suspen-
sion systems. The effect of attaching stabilizing fins to the
container and of incorporating a rotating wheel for stability
augmentation is also investigated.

Container weights chosen for the analyses correspond to
the approximate maximum load carried externally by current
generation helicopters (4,000-10,000 Ib) and to the weight of
an empty container (2,000 1b).

Single-Cable Suspension

The linearized equations of motion for a rigid body being
towed by a single cable beneath a helicopter flying at constant
velocity, U,, (Fig. 6) are derived in Ref. 1. It was assumed in
that derivation that the towing craft was flying straight and
level, that the aerodynamic forces and moments of the slung
load were such that the lateral and longitudinal degrees of
freedom were uncoupled, that the load was outside the wake
of the helicopter rotor, that the rigid body motion of the load
was uncoupled from the dynamical motion of the cable, and
lastlythat C,, = C,,, =0.

If the yaw dampmg stability derivative, N,, and the pitch
damping stability derivative, M,, are included in the
linearized equations of motion of Ref. 1, it can be shown!!
that the necessary and sufficient condition for lateral stability
is

a?{bC,,[-CmC,, (C,, +Cp)

—(C, /2)(CoSbC2, /2+b’m?C,, +pSb’mC, C,. /4)]}
r ¥ 3 r¥s

+a[——CZCyH C"B (Cy;s +Cp) — (bZCn, /2) (CmC,,ﬂ C},/j
—CprC C2 /4—-CmC,, CD —pSbimC? CVB /8)]
+(C?bC,, C, Cp/2)>0 (12)

where m is the mass of the towed body; a and # are the
horizontal and vertical distances between the cable at-
tachment points; C is the moment of inertia of the towed body
about the z axis; and the non-dimensional stability
derivatives, C,,, C,,, etc., are defined in the Nomenclature.

Thus, the stabllnty condmon for the lateral mode reduces to
a quadratic expression in the variable a. Since a is related to
the cable length, ¢, through the steady-state towing angle, v,
one may assume that Eq. (12) will normally produce two
critical cable lengths providing the boundaries for three
stability regions. As can be easily verified, Eq. (12) above
reduces to Eq. (8) of Ref. 1if C, =0.
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Fig. 6 Steady-state towing of a rigid body, single-cable suspension.

Using the static stability derivaties obtained by Poli and
Cromack! (Table 1), the results of the lateral stability
requirement, Eq. (12), for an 8 x 8 x20 ft container without
stabilizing fins are presented in Fig. 7. A weak dependency on
container weight was indicated in the solution of Eq. (12);
however, this variation was within the plotting accuracy of the
figure for weights between 5,000 and 30,000 1b.

It is interesting to note that the upper boundary of the un-
stable region in Fig. 7 does not shift position for different
values of C,, within the given range. In fact, this boundary
coincides with the results found by Poli and Cromackl where
damping was neglected. The lower boundary does change,
however, with the lower stable region increasing in size as
C,, becomes more negative. In particular, the lower curve for
C = —0.30/rad would indicate that a 5,000-lb container on
a 15-ft cable should be stable to drag-to-weight ratios of .08 or
airspeeds near 50 mph.® Since instabilities have occurred at
lower airspeeds in actual flight test,? the true value of C,, is
expected to be more positive than —0.30/rad.

For the container under investigation, C,, =C,,;
therefore, the longitudinal stability was examined over the
same range of values for the damping coefficient as was done
in the lateral case. As in Ref. 1, the results!' show that the
lateral mode is the more critical; that is, a cable length and
drag-to-weight ratio that ensure lateral stability also ensure
longitudinal stability.

SHere the drag coefficient was taken as .915, in consonance with
Ref. 1.
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Fig. 7 Lateral stability of box without fins, single-cable suspension.
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Fig. 8 Lateral stability of box with fins, single-cable suspe sion.

Figure 8 shows the effect on lateral stability of attaching
stabilizing fins to the edges of the container in a crucifix pat-
tern. The static aerodynamic data were again taken from the
Poli-Cromack'! investigation (Table 1); and the fin con-
tribution to yaw damping was estimated''? (o be
-0.15<C, < —0.07/rad. Thus, one set of stability boun-
daries was calculated with C,, = —0.20/rad where the body
contribution was assumed equal to —0.05/rad; and a second,

more conservative set of boundaries, was calculated with
C, = —0.12/rad. To show the effect of neglecting the dam-
pmg term for a box with fins, a curve with C, n, =0 was plot-
ted. For comparison, curves for a box without stabilizing fins
(C, =0and —0.05/rad) are also included in Fig. 8.

T(he results for a box with fins and damping neglected are
again identical with those obtained in Ref. 1 and show
that: 1) a single boundary is predicted for the lateral mode;
and 2) above a drag-to-weight ratio, D/ W, of 0.02 a reduction
in cable length of nearly 40 % is possible by adding fins. By in-
cluding C, , however, three stability regions appear for the
lateral mode—two stable regions separated by an unstable
region. From Fig. 8 it can be seen that the upper boundaries
(with and without fins) remain unchanged for negative values
of C, and still show an improvement for a container with
stablllzmg fins. The lower boundaries, on the other hand,
reveal that the lower stable region is more compressed for a
box with fins. That is, for a box without fins, higher values of
D/W (and thus higher airspeeds) can be attained for a given
cable length than for a box with fins.

With C,, =C,_, the longitudinal mode for a box with fins
was examined;'! and again the lateral degrees of freedom
presented the determining factor for stability.

The linearized equations of motion for a rigid body con-
taining a rotating wheel and being towed by a single cable
beneath an aircraft flying at constant velocity, U,, are given
in Ref. 6. In addition to the assumptions made previously, it
was assumed that the center of mass of the box and wheel
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Table 1 Stability derivaties' (in deg ~ )
Configuration CD() C’-o CDQ C[_a Cm” Cyﬁ Crﬂ Cn/}
Box-no fins 915 0 0 .0317 —.0117 —.0477 0 .0117
Box-fins 930 0 0 .0563 -.0325 —.0725 0 .0325
Fin arca=21.5 f1?
Whee! Radius, r =3.9ft. (1.2 m)

Wheel Speed, wy =830rpm (30.5 Hz)
Wheel Weight to System Weight, W,/W =0.018
System Weight, W = 5000 to 30000 Ib. {(22.2 to [33.5 kN)

6 20
Stable Region
I (et
15 Ca, = O and -0.05
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€3]z Cne = 7005
: - - Unstable
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/‘ Cp = 0
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Fig. 9 Lateral stability of box with a rotating wheel, single-cable
suspension.

coincided, that the rotating wheel was initially spun up, that
the housing unit of the wheel and negligible mass and momen-
tum, and that the friction in the wheel bearings was negligible.

If yaw damping, N,, and pitch damping, M, are retained
in these equations, the stability requirementsqI for C,, =0
and —~0.05/rad are as shown in Fig. 9.

With C,, =0, the single boundary of Fig. 9 coincides with
its counterpart in Ref. 6. For slightly stabilizing values of the
damping coefficient (C,, = —0.05/rad), the upper boundary
of the unstable region does not change position. At the same
time, a lower boundary appears which defines a stable region
for very short cable lengths. Comparison of Figs. 7 and 9
shows that a considerable reduction in cable length can be

achieved by incorporating a rotating wheel. It should be
noted, however, that any desirable consequences of the lower
stable region depicted in Fig. 7 are nearly eliminated by the ef-
fect of the wheel. In this respect, the result of adding a
rotating wheel is much the same as adding stabilizing fins.

The characteristic equation for the longitudinal mode was
found to be identical with the one developed for a rigid body
without a wheel.!! Thus, the stability boundary shown in
Refs. 1 and 6 is applicable with C,, =0. In the more likely
event that C,, is slightly negative, it'was determined that the
longitudinal mode was stable for all practical cable lengths
and for systems weights in the range discussed.

Here it is observed that, when damping was neglected,
Micale and Poli® concluded that the longitudinal mode would
become the controlling factor for a box with a rotating wheel.
On the other hand, the current analysis shows that for small
negative values of pitch damping, the longitudinal mode is
stable and the lateral degrees of freedom remain critical. It is
suggested, therefore, that the cable length can be decreased to
almost any suitable length by proper choice of wheel size and
speed and that these quantities themselves represent the prac-
tical controlling factor.

Two-Cable Tandem Suspension

The linearized equations of motion for a rigid body suspen-
ded by two longitudinally displaced cables and being towed
beneath an aircraft flying at constant velocity, U,, (Fig. 10)
are developed in Ref. 11. For ease of analysis, the case of two
parallel cables of equal length, ¢, with equidistant attachment
points from the center of gravity of the rigid body is con-
sidered.

The assumptions made in the derivation of the
mathematical model were the same as those used in the single-
cable case. The equations of motion are

Lateral:
Xo - _
(MA—Y,) [mugx— 2 (h+d; )] —dyX,/a —X,/a v
X, X,
-L, —~d, 5 (h+dy) (AN == (hvdy)|  —~diXyra v
(13)
di a Xo =0
-N, [cx?-zv,x—xo(z) +d2(7)] 4, hedy) —doXosh &
i i U, 0 Ay
Longitudinal:
[ (mA—X,,) -X, —alt —a/f —Xy/a 0 T u
-z, (mA—2,,) hyt h/e 0 ~X,a|| w
M M a4, da> (dh+d a) —~d;Xy/a  d>Xp/h|l AT
u w ( 1 27 17 27 2Xp 2Xp / o (14)
y 0 0 0 A 0 AT,
0 —1 0 0 0 A X’
. 0 0 0 0 —a h z
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Fig. 10 Steady-state towing of a rigid body, two-cable tandem
suspension.
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Fig. 11 Lateral stability of box without fins, two-cable tandem
suspension,

where A=d/d#; and d, and d, locate the cable attachment

points along the x and z axes, respectively; where 4, B, and C -

represent the moments of inertia of the towed body about the
x, v, and z axes, respectively; u, v, and w represent the linear
perturbation velocities along x, y, and z, respectively; 6, v,
and ¢ are the angles of pitch, yaw, and roll, respectively;
x',y’, and z' are the linear displacements of the center of
mass of the towed body from steady-state flight; X, Y, Z, L,
M, and N are the aerodynamic forces and moments along x,
y, and z, respectively; X, Y,, etc. are the changes in the
aerodynamic forces and moments due to changes in the linear
and angular velocities; and AT is the change in the cable ten-
sion from its steady-state value. .

To analyze the stability of the lateral and longitudinal
motions of the towed body, the determinant of coefficients in
Egs. (13) and (14) must be expanded to obtain the charac-
teristic equations. The Routh Hurwitz criteria may then be ap-
plied to the characteristic equations to determine the stability
of each mode. Finally, it should be recalled that for the con-
tainer being studied, the results of Ref. 1 show that at the
equilibrium positionof a=3=0,Z,=2Z,=X,=M,=L,=0.

For the lateral degrees of freedom, the above procedures
were considered overly burdensome and susceptible to error
for manual manipulation; thus, they were evaluated using an
APL computer program.

The results for a standard cargo container without
stabilizing fins are presented in Fig. 11. The cables were

Lateral:
(m,)\—YL,)il [m Uyh— (Xy/h) (h+d))] E
oL G- aXamy hd)]
N WG AN S NA- Xy (disatdyad] |
I ve i
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assumed to be attached to the ends of the box at the upper cor-
ners as shown in Fig. 10. Curves are shown for C, =0,
-0.05, —0.06, and -0.07/rad. For values of C,, more
negative than —0.07/rad, no instability was predicted for
cable lengths less than 400 ft. A weak dependency on con-
tainer weight was indicated in the computer solution; but, as
before, the variation was within the plotting accuracy of the
figure for the weights considered.

Here it was of interest to compare the results of flight
testing with the stability boundaries just presented. For flight-
test conditions which very closely matched the assumptions of
the current investigation, a qualitative report by Hutto? was
found useful. For level flight with 50- and 100-ft cables, Hut-
to recommended maximum airspeeds of 65 and 50 knots,
respectively, where both limit airspeeds were determined by a
yawing oscillation of the container. Using the drag coefficient
from Ref. 1, the drag-to-weight ratios for the above airspeeds
were determined and the values of cable length plotted in Fig.
11. As seen from the figure, the predicted stability boundary
with C, = —0.05/rad offers a very good fit to the two points
obtained from flight test information.

Expansion of the determinant of coefficients in Eq. (14) for
the longitudinal mode is simplified by the numerous zero
elements. It may easily be found that the characteristic
equation is a quadratic in A and that, for the box-shaped con-
tainer being studied, the coefficients are all positive. Thus, the
conditions for stability are automatically satisfied.

As may have been expected, the lateral mode is the con-
trolling factor in determining stability, and the longitudinal
mode may be neglected. The symmetric degrees of freedom
do, however, define the limiting case of the aft cable
becoming slack. With reference to Fig. 10, the equilibrium
conditions prescribe that this situation occurs when
0<D/W<d,/d,. For the container and suspension system
being considered, this relation becomes 0< D/ W< 2.5, which
indicated an airspeed well beyond the maximum of current
cargo helicopters.

The change in stability caused by attaching stabilizing fins
to the container is examined for the two-cable system in Ref.
11. The results for the lateral mode are similar in appearance
to Fig. I1; but, as occurred with single-cable suspension, the
boundaries shift inward toward the origin. A favorable trend
is indicated in that the upper boundries converge more rapidly
to the horizontal axis, except that the unstable regions must
first be traversed to reach the desired outer region of stability.

Overall, the effect on lateral stability when fins are attached
is detrimental in that the maximum cable length for complete
stability is decreased; and, for longer cables, the onset of in-
stability takes place at lower values of the drag-to-weight
ratio. As before, the longitudinal degrees of freedom are
asymptotically stable, and the lateral mode is of primary con-
cern.

If a rotating wheel is incorporated into the two-cable tan-
dem system, the linearized equations of motion may be writ-
ten by including the additional terms arising from the wheel. ¢
None of these terms appear in the longitudinal equations "
which are identical to Eq. (14); thus, the longitudinal mode is
asymptotically stable for all cable lengths. The lateral
equations, on the other hand, are given by Eq. (15), where the
symbols have been previously defined.

—d,Xy/a i —X,/a v
[A+A N = (d:Xo/h) (htd)] | —d:Xoral| ¥
D€ - (o Xphy (hed) | —doXorh|| 6 |70
777777777777 = R S

(15)
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Fig. 12 Summary plot of lateral stability of box without fins, single-

cable and two-cable tandem suspension.

The assumption pertinent to the above equations are the
same as those stated earlier for a rigid body suspended by a
single cable and containing a rotating wheel. As in the
previous cases, the spin axis of the wheel is aligned with the y
body axis; and the two cables are assumed to be parallel, of
equal length, {, and to have equidistant attachment points
from the center of gravity of the container.

To examine the stability of the lateral degrees of freedom,
the determinant of coefficients in Eq. (15) was again ex-
panded and the characteristic equation analyzed via the Routh
Hurwitz criteria using computer techniques. The results, as
presented in Ref. 11, show that the addition of a rotating
wheel virtually eliminated the lower stable region found in
Fig. 11. Additionally, the stability boundaries indicate a
definite weight sensitiveness, with the size of the unstable
region becoming larger as container weight increases. Un-
fortunately, even at the lighter system weight of 5,000 lb,
cable lengths in excess of 100 ft are required for stable con-
ditions at drag-to-weight ratios as low as D/ W =0.05.

Summary and Conclusions

The experimental portion of this investigation shows that
the yaw damping cpefficient, C, , is within the range —0.3
<C, <0. In light of the comparisons made with flight-test
observations, a more refined estimate may be taken as C,,,_
= —0.05/rad. With this value the stability boundaries for
both the single-cable and two-cable systems are summarized
inFig. 12. .

Based upon the results of this investigation, together with
previous works, ' it appears that the two-cable tandem
suspension system offers a satisfactory method of tran-
sporting the standard cargo container throughout the speed
range of most present-day cargo helicopters. The system
could be enhanced, of course, by incorporating fore and aft
hoists to extract loads where cables in excess of 50 ft are
required. Also, because of pilot preference for the less com-
plicated single-point suspension system and because of it’s
structural simplicity, the newly predicted single-cable boun-
dary might well provide an adequate operating envelope for a
large number of short-haul application.
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The use of a linearized perturbation model, the decoupling
of the load and aircraft dynamics, and the assumption that
the rotor wake trails the load, limit the applicability of the
results obtained here. However, the stability derivatives ob-
tained' do indicate that a linearized region, although small,
does exist. In addition, for slung loads which are considerably
smaller than the weight of the helicopter, for example when
the 70,000-1b CH-47 helicopter tows a 4,000- to 10,000-1b
load, the dynamic coupling should be small. Finally, except
for the case of short cables and very low speeds, the rotor
wake does trail the slung load." Thus, the results are ap-
plicable in many practical situations and should be of
significance for those engaged in slung-load operations. While
a comparison of the results obtained here with limited flight-
test data shows excellent agreement, further flight testing with
a full-size container should be performed to verify the predic-
ted stability boundaries for both the single- and two-cable
arrangements.
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