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Dynamic Modeling of a Trailing Wire Towed
by an Orbiting Aircraft
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A numerical model treating the dynamics of a long trailing wire towed by an orbiting aircraft is described. The
dynamics are based on the superposition of a “dangling chain” model upon the steady-state, no-wind wire equilib-
riwm position. Excitation is due to the wind’s nonuniform vertical profile causing a once-per-orbit cycle harmonic
aerodynamic input. The model was validated both by analytic methods and by comparison with experimental data.

Nomenclature
a = wire acceleration
A, B,C = convergence variables
ac = drogue aerodynamic center location, aft of leading
edge
Ca = wire axial force coefficient
Cpp = coefficient of drag for the drogue
Crp = coefficient of lift for the drogue

Crap = lift curve slope for the drogue

Cy = wire normal force coefficient

D = wire diameter

Dy = pseudodamping

Dp = drogue total drag force

F, = wire aerodynamic force

F, = wire gravitational force

Fip = drogue inertial force

g = acceleration due to gravity

L = length of wire

Lp = drogue total lift force

L, = length of drogue

Mg = moment about drogue leading edge

o = forcing function

q = local dynamic pressure

R = radial position of wire, cylindrical coordinates

RS = superimposed radial coordinate of wire, cylindrical
coordinates

S = distance along the wire

Sp = drogue maximum cross-sectional area

SFp = drogue aerodynamic side force

T = wire tension

|4 = wire velocity

Vr = wire’s radial velocity component, cylindrical
coordinates

Vel = relative velocity of wire

Veetper = component of V;,; normal of wire

Vw = wind velocity
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Vi = wire’s angular velocity component, cylindrical
coordinates

v = wire oscillation displacement

Wo = drogue weight

X = first orthogonal dangling chain oscillation

Y = second orthogonal dangling chain oscillation

Z = vertical position of wire, cylindrical coordinates

o = local wire angle of attack

ap = drogue angle of attack

Bo = drogue sideslip angle

AS = wire segment

At = time step

6 = angular position of wire, cylindrical coordinates

6S = superimposed angular coordinate of wire, cylindrical
coordinates

2 = weight per unit length of wire

p = atmospheric density

Q = angular rotation rate of wire

Subscripts

m = time-step index

N = end gridpoint index

n = gridpoint index

ro,z = vector component, r, &, or z

Superscript

Il

spatial derivative with respect to wire axial distance

Introduction

HERE are a number of current and proposed uses for long

cables or wires towed behind ships and aircraft. For exam-
ple, antisubmarine warfare ships tow long cables with embedded
acoustic sensors along the cable length for the purpose of passive
acoustic ranging. Knowledge of the real-time cable shape is required
for the sensor process calculations.! Several classes of aircraft cur-
rently trail long antennas for low-frequency/long-distance commu-
nications. One proposed application? is to use a long cable towed
by an orbiting cargo airplane to provide pinpoint airborne delivery
of cargo. Wire oscillations and subsequent wire failures are prob-
lems common to many towed wire/cable applications. All of these
applications share the same basic physics, which are adapted and
modified to each individual case. This paper focuses upon the case
of a cable and drogue system towed behind an airplane flying a
constant-altitude, circular orbit.
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The analyses by Irvine and Caughey® for the vibrations of a
Cable fixed at both ends provided much background for developing
the governing equations of the towed wire. Anderson* extended this
work and analyzed the effects of the fluid and wire interface upon
the wire vibrations. Skop and Choo? described the equilibrium con-
figuration of a cable towed behind a towplane flying a circular or-
bit, including reasons for the multivalued nature of solutions to the
governing equations. A related study, an analysis by Matteis® into
the dynamics of a sailplane when attached to a towplane, provided
insight into the modeling of a drogue on the end of a wire. The stud-
ies just cited emphasized analytical solutions. Huang® developed
a numerical model for the steady-state solution of the towed-wire
problem and outlined the algebraic and differential equations re-
quired for a computer simulation of the wire in a steady-state orbit.
However, his work lacked both a complete description of the nu-
merical schemes employed and software documentation. Huang’s
paper formed the basis upon which the static computer simulation
in this paper was developed. Crist’ developed the first computer
simulation for the dynamics of a towed wire. The problem formu-
lation and the numerical scheme limited the wire model to very
long, lumped-mass grid segments. Application of Crist’s program
has typically been limited to wire dynamics analysis during the
reeling-in and reeling-out processes. Fidelity has been a problem
when using the program in the analysis of extended-wire dynamics.
Borst et al.® introduced the concept of fuzzy logic as a control algo-
rithm to suppress the vertical oscillations of the towed cable’s lower
end during orbital motion using dynamic modeling of cable motion
that included deployment, retraction, and orbiting phases of the ca-
ble system. Lawton® described experiments performed onboard an
EC-130 TACAMO airplane to show the influence of wind shear on
towed cable dynamics in both right- and left-hand orbiting flight.

Background

This paper considers the orbiting phase of towed-cable operations
following reel out with the purpose of the study being to provide a
reliable modeling capability for describing cable dynamics. Oscil-
lations in the trailing wire antenna result in three critical problem
areas: 1) the oscillations can cause contract between the wire and
the towplane’s horizontal tail, 2) oscillations in wire tension can re-
sult in failure due to exceeding the limit strength of the wire, and 3)
antenna wire oscillations can cause a serious degradation in mission
performance.

Verticality is defined as the altitude difference between the tow-
plane and the drogue at the wire’s lower end normalized by the iength
of the wire. Thus 100% verticality requires the wire to be perfectly
vertical below the towplane. In a typical application, the towplane
will fly a constant-altitude, circular orbit with a bank angle on the
order of 2040 deg. In this orbit, a long wire of 15,000-30,000 ft
in length assumes the approximate shape of a helix with a smaller
radius at the drogue than at the towplane. The wire typically makes
one-half to a full turn in the helix shape from the top to the bottom.
Flight test data show that vertically oscillations occur at a frequency
equal to the orbit rate of the towplane. A typical period is on the
order of 100-200.

Steady-State Model

The steady-state model was fundamental since its solution pro-
vided the initial condition information required by the dynamic
model. The static model developed here was based on Huang’s® gov-
erning equations. The numerical approximation of these governing
equations relied on second-order-accurate central-differencing tech-
niques. The wire was broken into a number of segments of uniform
length equal to AS. It was assumed that 1) the shear forces were neg-
ligible and that only the tension forces were significant, 2) the wire
was flying in a still, steady airmass with no winds, and 3) steady-state
conditions existed with the towplane in a constant circular orbit.

Applying Newton’s second law, the ordinary differential equa-
tions describing the balance of forces on an incremental section of
the wire were written asin Eq. (1):
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Fig. 1 Cylindrical coordinate system for static model.

Drogue end, 0, = 0

Next, each term of Eq. (1) was considered individually, applying
the coordinate system shown in Fig. 1. The first term in Eq. (1) was
expanded about point n, Eq. (2), to yield the vector components,

Eq. (3):
Ell" . Tn+% - Tn-—%
dsf AS
dar _ NG N2
{EEL ={(TRY —TROY ). e, )

(2a)
+{(TRO'Y + TRG'}, e +(TZN, e,
(2b) (20)
Yielding the central-difference scalar components from Eq. (2) as
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Under assumptions (2) and (3), the velocity at gridpoint n be-
comes the vector cross product, Eq. (4). The magnitude of the ve-
locity is a tangential value, Eq. (5), in the ¢4 components direction
since 2 = 6,e, = fey = const.

V, = Q x R, (4)
]VrehI = IRnle (5)
Stuart'® provided the definitions of the wire’s aerodynamic coef-

ficients as a function of &, Eq. (6), applicable to a wire configuration
that matched the available flight test data:

Cy = 1.09sin*> o — 0.08 sin’(2a)

0.017 for
271 00 for

o <45 deg ©
a > 45 deg

The second term in Eq. (1) at wire gridpoint n was obtained using
Eq. (6) for the aerodynamics, in conjunction with the normal and
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axial components of the relative velocity as obtained by a central-
difference approximation; cf. Eq. (7):

Al;, = ke, + koep + kee, N

where

kr = 3p,D(R,0)*(Cy, — Ca,)

Ry1)(Ons1 — On1)
4A 82

k9 = %an(Rné)2{CNn [

% Rn (Rn+1 -

R,?l'(en-H - 6n—l)z -1
4AS?

An

Rn(6n+l - 6n~1)
2AS

Ry (Opir — 00 — 1)(Zns1 — Zn-1)

4AS?

k= gpnmnéf[cm

(Zoy1 — Zsoy)
—C, Zndl Znol]
4TTOAS

The third term in Eq. (1), the contribution due to the weight of
the wire segment, is stated in Eq. (8):

F
Zg_; = —UEme; (8)
The right-hand side of Eq. (1) is the inertial force acting on the
wire segment and is due solely to the centrifugal force in the static
case; cf. Eq. (9):

Fin
AS

Substitution of Egs. (3) and (7-9) into Eq. (1) and rearranging
yielded three equations consisting of the three orthogonal compo-
nents of Eq. (1)interms of R, 8, Z and T. The needed fourth relation,
a compatibility requirement, used the definition of the unit tangent
vector, Eq. (10):

2 2 2
() + (st + () =1 o

Solution of the coupled equation set for the values at each grid-
point required 7, 1, Ryy1, 6411, and Z, .y to be explicitly or im-
plicitly broken out from the equations. A sufficient condition for
the convergence of coupled equations using an iterative technique
(c.f., Gerald and Wheatly!! is that the sum of the partial derivatives
with respect to each variable had to be less than one for each equa-
tion. This criterion was met by defining a new set of convergence
variables, as shown in Eq. (11):

= _MRnézer &)

Rn+1_Rn
An+% —Tn+%R/1+.1. =T, Z{T

!
Bn+l - n+an+10,1 %

1

!
Cn+] _Tn+-]-Z %

where
An+% = An—%
(Tp1 + T 1) Bugt — 601)? ‘
R, Z 2 —k — uR,0*} AS
+ l BAS? "
Biiy = Biy

(T,,+1 + T,,_L)(Rn+1 = Ry1)(Gn1 — On-1)
> : A +kop AS

Copy = Cpy + (ke + pg)AS

Applying the compatibility relation, Eq. (10), to Eq. (11) yields
Eq. (12) for T, nik followed by recursion relations for the three re-
maining vanables Egs. (13-15):

— 2 2 2
T'H'% - \/An+% + Bn+% + Cn (12)

+5
Royi =R, + (AH%AS)/TH% (13)
6,01 =60, + (ZBH% AS)/[TH% (Rus1 + R,,)] (14)

Zys1 =2, +< n+lAS>/ n+d (15)

The first gridpoint, n = 1, was defined by requiring force and
moment equilibrium at the drogue attachment point. The aerody-
namic coefficients for the conically shaped drogue, Eq. (16), were
determined by Stuart!®:

Cpp =0.53

0.6lap for op < 45deg
Cip = {042 for 45 < ap < 60 deg (16)
0.20 for 60 < ap <90deg
ac =0.76 L}

The wire tension vector, Eq. (17), at n = 1 becomes
T\ = (Fip — SFp)e, — Dpey + (Lp — Wp)e, amn
where
Fip = Wpéle/g
SFp = CranBpq1Sp
Dp = Cppq15p
Lp = Crapopq1Sp
Under the assumptions that 7, = T (i.e., an implication that
drogue forces dominate the first wire segment) and the 7; tension
of the first wire segment acted in the reciprocal direction to the

drogue’s attachment force vector, the second grid point was esti-
mated, Eq. (18), based on an initial guess of the drogue location:

Ry =R, — (F;p — ASFD)AS/T,
6, =6 + [2DpAS]/[Ti (R, + Ry)] (18)
=Z,+ /A8 —

R} +2RyR; cos(6, — 0;) — R?

The information in Eq. (18) allows a calculation of the complete,
segmented wire shape using Eqs. (12-15). Since the wire’s upper
end would not necessarily match the aircraft’s radial and vertical
positions, a “shooting-the-boundary-condition” technique was used.
The method consisted of updating the bottom (drogue) position by a
fraction of the miss distance at the top and then iterating the recursion
relations until convergence was attained.

Figures 2-6 are no-wind, static equilibrium plots of R, 0, Z, T,
and « along the length of the wire for a representative flight condition
corresponding to the following: Towplane airspeed = 156 KIAS
(knots indicated airspeed), towplane altitude = 18,325 ft, towplane
bank angle = 34 deg (assumed constant), wire length = 20,290 ft,

ug = 0.0621 Ibs/in., drogue weight = 82.0 Iby, drogue length =
2.64 ft, drogue base area = 3.14 ft?, and drogue center of gravity =
1.15 ft from cable tie.

The wire was modeled by 200 grid segments, which was used in
all subsequent analysis. It will be noted on Figs. 3-5 that the plots of
0, Z,and T along the wire length approached a linear variation. The
wire tension at the towplane, shown on Fig. 5, was 930 lb, which
is less than the total dead weight of the wire and drogue (1342 1b),
mainly due to the aerodynamic forces acting on the wire. Figure 6
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shows that the true wire angle of attack increased from a low value
at the towplane to near vertical at the lower end.

Validation of the method included 1) using the aerodynamic co-
efficients and physical parameters of Huang® (good agreement was
found), 2) trailing a massless wire and drogue straight back from
the towplane at very low towplane back angles, and 3) zeroing of
the aerodynamic coefficients that resulted in a wire verticality value
of 1.0 at low towplane bank angles.

Dynamic Model

The dynamic model was developed under several assumptions:

1) All displacements from the steady-state equilibrium condition
were small and normal to the wire’s static position.

2) The towplane flew a constant circular orbit.

3) The dangling chain modeled all significant wire dynamics.

4) Wire torsion, stretching, and bending effects were insignificant.

5) The steady-state tension distribution was used in the dynamic
model. '

The governing partial differential equation for a dangling chain
having boundary conditions (B.C.) of one end fixed and the other
end as free with a concentrated mass was solved by Clifton.!2
The independent variable v(S, ¢) in Eq. (19) represents the dis-
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placement from the static equilibrium position due to the dan-
gling chain motion. The coordinate system used in the dynamic
model was referenced from the top (at the towplane) to the bot-
tom (at the drogue), which is opposite to the steady-state model.
The forcing function Q(S, ¢) was defined as acting normal to the
wire at any grid point with dimensions of force per unit length.
The initial conditions (I.C.) were the static position with zero dis-
placement rate. This assumption led to a short starting transient
at the beginning of the dynamic model simulation. Two separate,
orthogonal solutions to Eq. (19) were required to model the two-
dimensional displacement of each grid point about the equilibrium
position:

(s, ) 0 Ju(S, 1)
e T s

T(S) 73 } + 03,1 19)

B.C.: v(0, ) = 0 and v(L, t) = bounded

av(L, 1) _(Wp\o*u(L, D)
T(L)T + 0L, 1= ('g—)—a—t‘z——“

1.C. v(S, 0) = f(S) and dv/31(S, 0) =0.

Equation (19) was approximated by a second-order-accurate
central-difference scheme, Eq. (20), using n as the spatial grid-
point number index starting from the wire’s upper end, m as the
time step index, and T'(n) = T, = the steady-state tension dis-
tribution. The forcing function was defined as Q, ,,, with the in-
dices at n, m. Since 7, was a constant over time, the expression
Eq. (20) was explicit in the variable v, 1. It was then possi-
ble to envision a fully explicit marching scheme requiring knowl-
edge only of the two end gridpoints and the two previous time-step
solutions:

/-L{ Un,m+1 - zvn,m + Uu,m-l }

Ar?

T'H_% (vn+l‘m - vn,m) - T,,_% (Un,m - vn——l,m)
AS?

} + Q}I.Ill (20)
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The first two boundary conditions of Eq. (19) imply that the wire is
pinned at the top and the displacement is bounded at the bottom. The
third boundary condition ensured force equilibrium at the drogue
position, n = N, and may be expressed in a central-difference form,
Eq. (21):

UN—1m — UN+im
T 3 »
”{ 2AS8 } +Qwm

_ Wp [ UN,m+l — 2UNm + UNm-1 } @l

g Ar?

Equation (21) described the balance between the tension and
forcing function forces and the lateral acceleration of the drogue
(remember that all motion was defined as lateral in the dangling
chain problem). It was next assumed that the forces acting on the
drogue were much greater than the forces on the last segment of
wire. Later analyses showed that the forces differed by two orders
of magnitude. Based on this assumption, it was further assumed that
the wire slope was nearly constant at the drogue attachment point
and the shape of the wire was determined by the drogue forces and
not the distributed wire forces. This condition was approximated by
defining an artificial (N + 1) point beyond the drogue followed by a
central-difference approximation to equate the slope at the half-step
before and after the drogue, Eq. (22):

UNm — UN—1m - UN+1,m — UN,m (22)

AS AS
Under the assumption that the forces on the drogue were much
greater than on the adjacent wire segment, one can express Ty =
Tyoy =Ty i Using this assumption combined with solving Eq.
(22) for vy+1,, allows the determination of v, 41 from Eq. (21) in
terms of previously known quantities yielding Eq. (23):

Atzg UN~1,m — UN.m
UNoml = I:TN_%{ AS + Qv

+ 2vN,m = UN,m-1 (23)

In applying the wind as a forcing function, it was important to
first note that, for the assumed steady-state angle of bank turn, the
towplane moved with the airmass. This observation implies that
the wind derived forcing function was zero at the towplane. The
required apparent wind-forcing function was obtained by adding
the negative of the wind vector at the towplane station to the winds
at each gridpoint of the wire.

The term Q v ,, was derived from the apparent forcing wind. Since
the forcing function was defined perpendicular to the wire, only that
component of the apparent forcing wind normal to the wire was
used to determine the forcing function. The orientation of the forc-
ing function with the wire varied harmonically as the wire orbited
within the airmass. Calculations were made for each orthogonal
component of the oscillation yielding one component that varied
harmonically as a sine function whereas the second varied as a co-
sine function. Two adjustments in phasing were required for the
harmonic functions. The first phase correction was the € coordinate
at each gridpoint to account for the fact that at every gridpoint except
the towplane’s, the wire shape had to rotate through the angle 6 for
ey to be aligned with the 000-deg heading. The second phase cor-
rection accounted for the wind heading at each gridpoint generally
being different from 000 deg. Finally, the aerodynamic coefficients
of the wire were used to convert the forcing wind term into a force
vector, which was the true wind generated forcing function. The
forcing function relations are provided by Eq. (24) with the radial
and tangential velocity components described by Eq. (25):

0, (x)e, = Vi sin(61 — e,

LT 24)
Qo (x)eg = Vg, cos(0t — 8")ey

where ' =6 — 6,

Vin = Ap/a2 + b2 + 2,

Von = Apy/a’ + b2 +e2 (25)

where

An = 0,V2,DCy
_ Rn(Rn—H - Rn—l)(en-i—l - en—l)
B 4782

(R = R’
4A 8?2

_ Runi— Ry 1)(Zpyy — Z, 1)
B 4782

Ry (a1 = 0,0
4A 82

. Rn(9n+l - 9n—l)(Zn+1 — Zn—l)
B 4AS?

The next task was to derive the algorithm to superimpose X, ,,
and Y, ,,, the orthogonal components of the dangling chain oscil-
lation, onto the steady-state solution. The X, », and Y, ,, displace-
ment components were defined as being in the e,, ey plane and thus
orthogonal to the e, vector. Next, the governing relation for the
dangling chain, Eq. (19), was derived assuming that the displace-
ments were normal to the chain. This implied that the X, ,, and Y, ,,
displacements were orthogonal to the unit tangent vector at each
gridpoint. The cross product of the e, with the unit tangent vector
in cylindrical coordinates then defined the direction of the X,, ,, dis-
placement component in the cylindrical coordinate system used for
the superimposed model. The ¥, , displacement component was
orthogonal to the unit tangent vector and the X, , displacement.
The direction of the Y, ,, displacement in cylindrical coordinates
was obtained using the cross product of the vector in the direction
of the X, , displacement and the unit tangent vector at each grid-
point. The e, and ey displacement components were added to the
R, and 6, coordinates of the steady-state gridpoint locations to de-
rive the time-dependent superimposed locations RS, ,, and 85, ,,.
The superposition relations are given by Eqs. (26) and (27). The
time-dependent, superimposed ZS, ,, location was obtained using
compatibility relations derived from the known length of AS for the
first internal gridpoint and the definition of the unit tangent vector
for all subsequent gridpoints:

Rn(9n+1 - en-—l)
25, AS

Qn

b, =1

Cn

d, =1

€n

RSn,m = Rn + Xn,m {

(Rn+1 - Rnfl)(Zn-H - Zn—l)
+ Yy { N (26)
(Rn+l - Rn—l)
GSn m = On Xn mY A p £ Ac
* +An, { 2R, f,AS
(011+l - 9n~1)(Zn+1 - Zn-l)
—Ypm { TN @7)

where

f _ \/(Rn+1 - Rn~1)2 + R%(QIH—I - 9!1—1)2
" 4AS2

Two forms of pseudodamping were modeled. The first was due
to the drag increment caused by the lateral oscillation rate. It was
assumed that the small displacement, lateral oscillations remained
perpendicular to the wire’s steady-state positions, which implied
that the drag behaved similarly. The drag force was thus always
orthogonal to the steady-state wire shape and opposite in direction
to the lateral velocity of the wire gridpoints. This was because the
lateral oscillations were calculated based on the assumption that they
remained orthogonal to the steady-state wire. The central-difference
approximation for the contribution to the total pseudodamping from
the lateral oscillation rate is given by Eq. (28):

- Yn,m— Un — Unm—
D ot (st |t e
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Note that v, .1 Was required to determine D, ,; D; , was also
required in the calculation of v, .1, Which necessitated an iteration
at each gridpoint for the new position in time. This pseudodamping
force dominated when the rate was highest and usually occurred as
the wire was passing through the initial static equilibrium position.

The next task was to consider the restorative for due to the change
in angle of attack of the wire in the displaced position. On the av-
erage, as the wire moved above equilibrium, the angle of attack
reduced, and conversely, on the average, as the wire moved below
the equilibrium position, the angle of attack increased. For this rea-
son, angle of attack effects were restorative during oscillations. The
term ¢, was defined as the steady-state angle of attack, «S, ,, was
defined as the displaced angle of attack, and Acw, , was the differ-
ence between the two angles. The finite difference approximation
for the two angles is stated in Eq. (29):

Ry (st — Ony1) }

o, = arccos { 3AS

Snm =
a8, n, = arccos { TAS

RS, (0Si—1m —OSniim
m Lm +1m) } 29)
The change of relative perpendicular velocity in the displaced
geometry, AViipern,m, defined by Eq. (30), provides the final value
for D;, ., Eq. 31):
AVrelp«arn,m = Rné Sin(Aan,m) 30
D,l-,,m = CND%pn(AVrelpern,m)I(Avrelparn,m)l 3D

The restorative force, Eq. (31), was resolved into components
that were applied to the calculations of X,, ,, and Y,, ,,, Eq. (32). All
calculations for pseudodrag due to angle of attack changes were in
terms of time step m, and so this force was determined at time m + 1
without resorting to an iterative scheme:

. IXualDy,
Xnm = T o ——
VXt Y,

, Y110,
Do = v
n.m n,m

Von Neumann'’s stability analysis was considered for the dangling
chain problem with results as shown in Eq. (33). A 200-segment grid
pattern was chosen with a At = 0.1 s. The most restrictive case was
for a wire of the smallest reasonable length and the correspond-
ing largest tension value. The criterion was met for these extreme
conditions:

(32

AT
ASTL < (33

The dynamic simulation program required a number of data files
that were generated by the steady-state program. As implemented,
the dynamic program used the 200-segment spatial grid and the 10th
of a second time step size selected earlier. The program ran at about
1.3 real time on a 486-33 MHz desktop computer. Program outputs
included X, ,, and Y, ,, displacement snapshots and time history
plots of verticality, towpoint tension, drogue position, and the wire
position 45 ft aft of the towpoint.

Validation of the dangling chain portion of the model was per-
formed by comparing the program’s two-dimensional displacement
results with the analytical solution of a dangling chain without a
concentrated mass on the wire’s end. The homogeneous response of
the dangling chain model matched the eigenvector and eigenvalue
for an initial displacement condition of that eigenvector, thereby
validating the simulation code.

Examination of the X, ,, and ¥, ,, displacements at various times
disclosed that the wire had, at most, three slope reversals and the
changes were fairly gentle. As seen in Egs. (20) and (21), the first
and second partial derivatives used in the dangling chain simulation

were approximated using a central-differencing technique. Apply-
ing the method of Gerald and Wheatley,!! the error for the central-
difference approximations of the dangling chain derivatives were
calculated at each gridpoint for a representative example and then av-
eraged over each gridpoint. The resulting average truncation errors
as a percentage of the calculated derivatives were shown to be less
than 0.1%.

The dynamic model was run using a 0.1-s time step and a 200-
point spatial grid and compared with a model having a 0.05-s time
step and a 400-point spatial grid. The outputs were essentially iden-
tical, validating the choice of spatial and time grids.

Asnoted previously, the steady-state tension distribution was used
vice the fully time-dependent tension distribution in the dangling
chain displacement calculations. The fully time-dependent tension
value, T(S, t) = T(S)+ AT (S, t), was considered in Eq. (19) fora
representative case. The order of magnitude of each resulting term
was calculated by averaging the absolute value of each term along
the entire wire length at a single point in time. The truncated terms,
which contained AT, were at least an order of magnitude smaller
than the retained terms. Little error was introduced by using the
time-independent tension distribution.

The dynamic model assumed that the towplane flew a constant-
altitude, circular orbit, which implied that transients in towplane
pitch, bank, and yaw attitudes were ignored. This assumption was
based on the observation that on days when the winds were calm
at all altitudes along the wire and the crew was flying a normal
mission profile, the wire maintained a constant shape without oscil-
lations occurring in verticality or towpoint tension. Consequently,
slight normal aircraft maneuvering transients were considered as
insignificant.

The dynamic model also assumed that wire bending, torsion, and
stretching effects did not contribute to the wire oscillations. Wire
bending influences were considered insignificant since it was esti-
mated that the maximum length of a cantilevered wire segment that
could support its own weight with at most a deflection of 10% of
the segment length was approximately 3 ft. The axial wavespeed (a
function of axial stiffness) for a representative wire was estimated
at 11,000 ft/s, which implied that tension waves in a 20,000-ft-long
wire would propagate the wire’s length in approximately 2 s. This
propagation period was two orders of magnitude less than the orbit
period of the towplane and the period of the wire oscillation and
therefore was considered as a negligible influence. A similar esti-
mate for the torsional wavespeed was 6800 ft/s, which would prop-
agate along 20,000 ft of wire in approximately 3 s. Additionally, the
drogue on the free end of the wire was typically axisymmetric, al-
lowing torsion disturbances to merely cause a rotation of the drogue.
It was assumed that the torsion waves would, in the worst case, re-
sult in drogue rotation that would dissipate before contributing to
the wire dynamics.

The dynamic model was run using a wind profile of zero along
the entire wire length except at the three gridpoints located at the
wire’s midlength. The simulation was run for wind velocity values
from zero to 200 kn. After the startup transient had occurred, the
oscillations were symmetric about the steady-state wire and drogue
positions for all but the very large wind inputs. The model was diver-
gent at the 200-kn wind velocity. The application of superposition
required that the mean oscillation value remain close to the steady-
state value for results to be valid. As the oscillation magnitude ap-
proached the region where divergence occurred, the mean radius
began to depart from the steady-state value. For verticality oscilla-
tions of less than 20%, the mean radius shifted from the steady-state
value less than 0.5%. For all conditions tested, the superposition of
the dangling chain vibrations on the steady-state model was valid
and resulted in a nondivergent simulation for verticality oscillations
of less than 20%.

As a final check of the fidelity of the static and dynamic mod-
els, the simulation output was compared with flight-test data taken
June 1, 1991, during E-6A TACAMO flight number 27-05 using the
same flight and atmospheric conditions. Radiosonde readings were
available to define the atmospheric conditions. The static equilib-
rium plots, Figs. 2-6, were evaluated for the same flight conditions
and formed the basis for the modeling results shown in Fig. 7. In
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Fig. 7 Wire verticality comparison between flight test and modeled
time histories.

Fig. 7, the solid line is a plot of the simulated verticality time history
whereas the starred symbols represent flight-test data. The differ-
ence between the modeled and the experimentally measured verti-
cality was approximately 8%. More importantly, the magnitude of
the oscillation, frequency, and phasing correlated.

Concluding Remarks
The technique of superimposing the dynamics based on the clas-
sical dangling chain equation onto the steady-state solution of the
long wire towed behind an aircraft has been validated for a wide
range of forcing functions and flight conditions. The numerical code
was checked against a number of analytical solutions, and the final
results showed excellent correlation to flight-test derived data.
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