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Summary

The effect of design and operating parameters on
towplane upset is investigated by numerical simulation of
the coupled system represented by towplane, towrope and
sailplane. The relevant role played by tow-hook location,
rope length and tow speed on the perturbated motion of
the complete system is analyzed and discussed.
1. Introduction

Inthisstudy a full dynamic model of the towplane, cable
and sailplane system is used to investigate the effect of
designand operating parameters on the so-called towplane
upset phenomenon. The scenario of this kind of accident
involvesaninitial upward displacementof thesailplane as
it acquires a higher position behind the tug. The towplane
is forced to pitch sharply nose-down due to the negative
pitching moment caused by the rope tension and, as a
result, the velocity of the two vehicles significantly in-
creases. It is to be noted that a nose-up pitching tendency
of the sailplane is particularly hazardous at low speed
during the early stages of the launch when the height is too
low for the towplane to recover. In fatal accidents the
aforementioned situations are reported to occur so rapidly
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that pilots are unable to release.

As a result of accident investigations, the initial dis-
placement of the glider was explained as due to (i) air
turbulence including thermals, hill or wave rotors, (ii)
hurried corrections made by the sailplane pilotin climbing
when, due to a marked wind gradient, the glider acquires
alower position with respect to the tug. In fact, an upward
position of the sailplane during aerotowing drives the
system into a dynamically unstable situation, as shown in
Refs. 1, 2, and therefore such a vertical displacement ap-
pears to be the critical circumstance which initiates the
sequence of events leading to the upset.

Following a number of fatal accidents occurring to
towplane pilots during aerotow, which were explained as
due to the sailplane pitching up in an apparently uncon-
trolled mode, the fitting of a nose- or forward hook was
proposed in the JAR 22 requirements (Notice of Proposed
AmendmentNPA 22D-35)asadesign change tosailplanes
approved for aerotowing. In particular, it was recognized
that a tow hook located on centre of gravity (c.g.) can
produce pitch divergency and loss of control. In this re-
spect, it was shown in previous researches:2/3 that the
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rope cross section

wing span

aerodynamic coefficients of the rope
force coefficients of the rope

rope diameter

Young's modulus

moment of inertia, about 1
aerodynamic force

inertial, body and wind reference frame, respectively
acceleration of gravity

inertia matrix

length of the rope

transformation matrix from Fy to Fy
transformation matrix from Fy to Fyy
aerodynamic moment

mass

load factor

position vector in Fy

=(&4, 0, CQ)T position vector of the attachment point in Fy
curvilinear abscissa

thrust force

time

= (&x/c?s,&y/&s,&z/as)T unit vector tangent to the rope in Fy
reference velocity

= (Ug, Ve, W) T local velocity vector of the rope in F|
=(Ug, vg, Wo)T cg. velocity in FJ
== (Ug + Ug, Ve, W)T local rope velocity relative to the fluid in Fj

=-LypiU, + Ug, Vg, WG)T aircraft velocity relative to the air in Fy/
coordinates in inertial axes

angle of attack

flight path angle

elevator angle

stretching

rope mass per unit length
coordinates in body axes
density

tension force

= (¢.6,4)" Euler angle vector

tow-plane
attachment point
sailplane

cable
equilibrium
center of mass
relative
unstretched
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static stability of the sailplane is increased as the hook
position is moved forward.

By recognizing that the requirement of a nose-hook was
only a partial solution and in order to minimize the risk of
towplane upset, in 1993 the JAR-22 Study Group issued the
NPA 22B-49 thatintroduced the requirement for manufac-
turers to demonstrate that the sailplane is safely control-
lable in aerotowing during critical combinations of a num-
ber of conditions, namely tow rope length and inclination,
flap and trim setting, longitudinal acceleration, and aver-
age pilot skill. As for the reported reasons for the strong
opposition to the NPA’s from the designers, we only
mention here the high cost of installation of the nose-hook
together with the poor evidence of its effectiveness in
reducing the upset occurrence, and the absence of any
criteria for flight testing in circumstances which can bring
the towplane in a very dangerous flight attitude. To the
author’s knowledge, the cited NPA’s have not taken the
form of specification so far.

Insuchacontext, theapplication of a three-dimensional,
nonlinear model to the simulation of the system motion
following assigned control inputs can provide a relevant
contribution to the analysis of towplane upsets. In the
analysis of the phenomenon the influence of several pa-
rameters on the stability of the twoaircraftis tobe carefully
explained and quantified and, to this end, adequate flight
testing isnotan option for both safety reasons and the high
cost of the equipment necessary for data acquisition.

In the mathematical model we have three coupled sets
of equations related to the cable, the towplane and the
glider. The initial equilibrium configuration corresponds
to a steady flight at constant altitude of the two vehicles.
Included in the model are the towplane and sailplane
inertial and aerodynamic characteristics and, as far as the
cable is concerned, its mass, length, elastic modulus and
aerodynamic coefficients. Former applications of the
present model were in the stability analysis2 of the com-
plete system, and in the study of the sensitivity of the
longitudinal and transversal characteristic modes to
changes of design and operating data,3inorder to identify
which parameters influence the system dynamics and
which ones do not.

Following the debate recalled earlier on the possible
means of preventing upward departures of the sailplane,
we use numerical simulation to quantatively assess the
influence of certain factors on towplane upsets. In particu-
lar, by determining the response of the coupled system to
inputs on the glider elevator we analyze the effect of hook
location as a design parameter and the influence of tow
speed, and cable length and elasticity as operating param-
eters.

Inthe sequel, the mathematical model of the twoaircraft
and the rope, and the procedure of integration of the
governing equations are briefly recalled in Section 2. The
upsets are simulated by computing the time histories of
significant states, and the results of the analysis are pre-
sented and discussed in Section 3. A section of conclusions
ends the paper.
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2. Mathematical model

In what follows the principal aspects of the mathemati-
cal model of the towplane-cable-sailplane system sketched
inFigure1, are reported in concise form. Reference is made
to References 2 and 3 for further details on the formulation
of the governing equations.

The towplane (A) and the sailplane (B) are modelled as
rigid bodies and the pertinent equations of motion in
vector form are written, in body axes Fy(£n,C), ast

malvi,va, = Fa+71e, +malvg+ 1 (1)
mpLyizvey, = Fp—T.p+mplviyg ()
and

Twas+[wx(Iw)], = —-(TaxRa)y+My (3)
Ipwp +[wx (Iw)]g = (7« xRa)g+ Mp 4)

where the c.g. velocity vGisinaninertial reference system
Fi(x,y,z) the origin of which coincides with the c.g. of the
towplane in the reference condition of steady, level and
symmetric flight. It has to be remarked that the origin of FJ
movesatthe reference speed U, withrespecttoa flat Earth-
fixed reference frame. InEqs. (1)-(4), 19A,B=( | | LyithA B
indicates the tension force in the attachment points a4 B of
the rope, |’c| = € AE is the tension force modulus, and the
meaning of the other symbolsis reported in the Nomencla-
ture. In the expression of the aerodynamic force (F) and
moment (M), the relative velocity of the aircraft with
respect to the air (v;) is used.

Figure 1. Sketch of the system.

The rope is modelled as a continuous, elastic and per-
fectly flexible one-dimensional body, subjected to distrib-
uted aerodynamic and mass forces according to the equa-
tion”
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. i ‘
= %{m t) +vg+ opd [CLove, X (Ve X )+ Cp [Ve Ve (5)

The stretching € is expressed as
@) (@) (2]
b ("-)-5'; E}So 830

-1 (6)
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where the subscript0indicates unstretched. For theliftand
drag coefficient of the rope we write?

('L,

1l

k(1 — cos® a.) cos a.

('p., = CDo—k-k(I—CDSgQ,.)BH

with cos o = ve .t/ |v,-f | .

The three sets of fundamental equations, namely Eqs.
(1)-(4) for the aircraft and Eq. (5) for the rope, are coupled
when we express the boundary conditions at the two ends
of the rope by kinematic relations in terms of position and
speed of the two vehicles

P,

E d! 2 = vg, +[Liv(wx Ry, ®)
b ]

d{ifn = vgy + [Liv (@ x Ra)]p =

where the rope coordinates at the attachment point Py 4 B
are in Fj(x, i, z). In order to complete the set of governing
equations we have the following relations for P¢(s), 0 <s <

1

P,

W(‘q} = v(s) (10)
and for the Euler angle rates

$45=R3pwan (11)

where R7 is a transformation matrix.4
Finally, the load factor of the glider np, in wind axes Fy, is
expressed as

T, — F
ng = (LWV7)
mlgl /g

As acomment on the system model we observe that the
aerodynamic interference between the towplane and the
sailplane, and the effects of unsteady aerodynamics are all
neglected. Also, nonlinear extensional stiffness and tor-
sionalstiffness of the rope are not taken into consideration.
Finally, very low tension conditions, i.e.1<5-10N, cannot
be simulated since, in such circumstances, an appropriate
model of the stress-strain behavior as the tension of the
rope approaches zero, would be necessary.

Partial derivatives in Egs. (5) and (6) are made discrete
in space by a modified differential quadrature method®,
and theresulting setof governing equations isnumerically
integrated in time by a fourth-order Runge-Kutta routine.
As for the determination of the reference condition, we
assign the flight speed U, and the angle of attack of the
glider ope- Then, the nonlinear set of algebric equations
corresponding to Egs. (1)-(11) written in steady-state, is
solvedbyaniterative procedure,2 and the cableshape, c.g.
coordinates, attitude and control angles for the two ve-
hicles are determined. The distance Az between sailplane
and towplane c.g.’s is also evaluated. In this study we
consider symmetric flight in both steady-states and per-
turbed motions.

(12)
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3. Results and discussion

In the simulations we use models of a Cessna 1727 type
towplane and a M-100 s8 sailplane. In particular, for the
tug wehave ma =800kg, IT]A =1,800 kgm2 andbg=11m,
whereas the glider has mpg=300kg, Iyp =200 kgm<and b
=15 m. The towrope data are d = 0.011 m, EA =3.61x 10
N and v = 83 x 1072 kgm‘l. The hook location in the
towplaneisaté; 4 =-4.9mand {34 =0.25m, where §; 4 and
CaA are the hook coordinates in the body-fixed reference
frame (Figure 1). As we said earlier, the initial condition at
t =0 for the simulations is a steady horizontal flight at sea
level. Note that the vertical separation of the aircraft Az is
assigned when we selecta value for the angle of attack ape
of the glider. In this application no constraints on the cable
shape are enforced, as for instance a maximum value of
tow-anglerelated to the configuration of the tail surfaces of
the tug.

Figures (2)-(5) illustrate the results of the simulations
when the effects of hook position and rope length are
investigated. In the figures the time histories of
nondimensional perturbation velocity |VG | B /U, glide
angle v, angle of attack relative to steady-state o - op,
normal load factor for the sailplane g and tension force at
the sailplane hook | 1| g areshown foratimelength of 6.3
s. The towspeed at the initial time is Uy = 30 ms™ and the
system is perturbed by a step, pitch-up input ASgg = -1
deg on the glider elevator that occurs at t = 1 s. In all the
computations we have |Az | <1 matt=0. We observe in
all the reported cases that the sailplane speed is initially
decreased whereas the glide angle is increased by the
control action. As a result the glider climbs up to a higher
position with respect to the tug. Then the towplane rotates
nose-down because of the rope tension at the aft hook, and
its path angle sharply decreases together with the angle of
attack. This behavior is further revealed when the cable
shape at different times is considered, as reported in Fig-
ures. 6.a and 6.b for a towrope length of 40 and 60 m, and
c.g. (&;8=0.52, {;B =0.58 m)and nose-hook (§;5=1.74, (aB
=0.42m) position, respectively. Note thatin order toreport
the perturbated configuration of the rope, its coordinates,
made nondimensional with respect to the unstretched
rope length, are presented in the frame FJ that moves at
constant speed Up.

As for the effect of the rope length, we compare Figures
2and 3 to Figures 4 and 5, respectively. Inboth cases of c.g.
and nose-hook the longer rope produces a slower diver-
gence of the reported states. The influence of the hook
position is also relevant and, in this respect, Figures 2 and
4 are tobe compared to Figures 3 and 5, respectively. Fora
given length of the rope the system appears more control-
lable when the hook is in the forward location. As an
example, for Iy =40and nose-hook, the tension force on the
sailplane at = 5.3 s, is reduced to a value of 2400 N with
respect to the value of 5100 N obtained, at the same time, by
using the c.g. hook. This kind of behavior of the system is
to be related to a positive effect of the towing action on the
static stability of the glider since the tension force, when
applied ina forward position with respect to thec.g., gives
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Figure 7. Rope shape and position at different times, Ue =
40 msL: (a) c.g. hook, Iy = 40 m, (b) nose-hook, Iy = 60 m.
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Table 1. Velocity ratioa t = 6 s.

lvelB /U hook position lo
1.065 nose 40
1.030 nose 60
1.170 g 40
1.045 C.g. 60

a stabilizing contribution to the restoring, pitch-down
moment caused by an increase of the angle of attack. Note
in all the figures that npg is reduced at the end of the
simulation since the glider is forced to push-down by the
rope tension.

In Figure 6 the significant differences in the state evolu-
tion due to the considered parameters can be observed in
terms of rope shape and aircraft position in two circum-
stances, namely c.g. hook, [, =40 m (Figure 6.a) and nose-
hook, lp = 60 m (Figure 6.b), respectively,

Finally, in order to provide quantitative information on
the system tendency todiverge due to the nose-up elevator
command, Table 1 shows the velocity ratio [v,- | B/Upatt
= 6 s for the considered configurations. The results dis-
cussed earlier from a qualitative point of view are now
substantiated as we note that, by using a longer rope, we
can reduce to a certain extent the negative effect of an aft
hook location on the system stability.

The effect of tow speed is illustrated in Figure 7, where
the rope shape is reported as a function of time for the two
situations already analyzed in Figure 6 ata tow speed of 30
ms. The reference speed is now Up = 40 ms™ and we have
a 1.9 degree decrease of ape in order to realize the same
relative position of the aircraftasin the previous cases. The
increased velocity causes larger perturbations on the mo-
tion variables and, as a result, the system displacement
from the reference condition is enhanced. In this respect,
note that the simulation of the configuration with [y =40 m
and c.g. hook was terminated at t = 5.3 s due to a rope
tension as high as 8000 N and a sailplane velocity | VGIB
Me=1.

Asa final result, some simulations were run at different
values of the elastic modulus of the rope. In particular, for
E=5x 108,1 X 109,1 5x1010Nm—2weobtain for the velocity
ratio defined above, values of 1.037, 1.036 and 1.030, re-
spectively. Therefore, it is apparent that the system re-
sponse is slightly affected by this parameter, at least in the
considered range of variation. In this respect we observe
that in previous studies, 23 apart from its influence on the
elasticbehavior of the rope, the elastic modulus was shown
to have a relevant effect on the stability of the complete
system.

4. Conclusions

In this study the influence of design and operating
parameters on the sequence of events leading to a diverg-
ing motion of a towed sailplane has been investigated by
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computer simulation. The system response to control in-
puts on the glider elevator has been determined and, as a
result, the effects of cable length and elastic modulus, tow
speed and tow hook location have been analyzed. It is
apparent that the stability of the system in the considered
flight conditions is enhanced by (i) a forward position of
the towing hook because the restoring pitching moment is
increased and (ii) a longer cable and /or a reduced speed
since in these circumstances the time constant of the per-
turbed motion is larger.

As possible further developmentand applications of the
presented mathematical model of the sailplane in towed
flight we would cite the analysis of flight in a turbulent
atmosphere and in wind gradients, the study of piloted
flight when a model of the sailplane pilot is implemented
in the system and, finally, the simulation of controlled
maneuvers in three-dimensional flight phases.
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