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THE BUNGEE MODE IN
TOWED SAILPLANE FLIGHT
by James E. Muiray

Abstract
Simple math€matical modeling combined with Sround-

test chamctedzation of a towrope predicts the existence of
a low-frequenc, liShtly-damped oscillatorybungee mode
during sailplane towing operations. Towrope tension and
sailplane longitudinal accelerometer measurements made
in a towed flight test pro$am confirm the existence of the
bungee mode. Low damping of the bungee mode com-
bined with in-flitht disturbances cause virtually continu-
ous excitation of th€ mode while on tow. Dynamic tow
tension excu$ions are typically largei peak tension values
geater than 300Ib duing takeoff and oscillatory compo-
nents in steady flitht of 50 lb peak-to,peak arc not uncom-
mon. Continuous excitation of the bungee mode makes
accuraie measurement of the static componeni of tension
difficult. In-flight measurements of the static component
of tow tension arc somewhat larter than the tension values
predicted by simple performance-based calculaiions.
Introduction

Towed airraft BiSht has a history almost as old as
powered flitht iisel{. Towed flight operations were con-
ducted at least as early as ihe 1920s (ref. 1), and over the
succeedin8 decades a fantastic variety ofairdaft configu-
rations hasbeen successtully towed, includint piston and
ieFpoivered fithter aircraft (ref.2 and 3), a tailless rockei-
powered 68hter (ref.4), and a tiftingbody (ref.5). Today,
safe sailplane iowing operations are commonplace through-
out the world (ref. 6).

Curiously, whlle the flight dynamics of powered and
glidint flitht have suffered exhaustive study, the study of
ihe night dynamics oftowed flight is relatively immature
and undereported. Theoretical models of towopes as
tension members in the presenc€ of inertial and aerody-
namic forces have been developed (ref. 7), and a number of
diff erent towed objects hasbeen tested in wind tunnelsand
in flight. Theoretical development of the equations of
motion for the coupled aircraft and towrope system has
followed. Recentresearchers have concentmtedtenerally
on development ofthe d)'namic system model (ref. & 9 and
10) and in particular on the problem of towplane upset (ret
11). Yet the fact remains that very little ofthe theoretical
modeling has been reported to be corelated with flight
data. Flight results are typically qualitative and anecdotal;
only minimal quantitative futht results have been re-
ported (ref. 12). Consequently, validation of theoretical
models with flitht-experimental data has not proceeded
apace as it has with powered and gliding flight.

This paper addresses the theory{o-flight correlation gap
by presentinga simple model for a dlnamic mode that is
fundamental to the towint operation, and by correlatingit
with measurements made in a towed flitht test program.
A single-detTee-of-freedom dynamic model ofthe towed
sailplane confituration is d€veloped. Ground test results
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are presented to quantifyselected parametricvalu€s in the
dynamic model and to predict the gross characteristics of
in-fli8ht response. The flight test confituration is de-
scribed, including the instrumentation system and the
maneuve$ flown/ and resultintflitht data are presented.
Salientcharacteristicsof thestalicdnd ihedynamiccompo-
nents of these data are compared with available preflight
predictions. The pot€ntial sources of apparent discrepan-
cies are also discussed. Finally, recommendations for
further development and testing are presented.
Mod€lin8 and Test Equipmenr

Classical modeling of the longitudinal dynamics of an
aircraft in 6ee flight lelds a system with two characteristic
dynamic modes: the short-period mode and ihe phuSoid
mode (ref. 13). Modelingthe lon$tudinal dynamics oftwo
aircraft connected in towed flithtby an elastic member (the
towrope)yields a systemwith a larte numberofchaiacter,
istic dynamic modes (ref. 9). Of interest to this paper is a
dominant mode associated with the elastic characteristic of
the towrope (originally called by de Matteis the elastic
mode) known here as the bun8ee mode.

Dramaticsimplification of the mathemaiical modelyields
an intuitive enFneerint model for predicting dominant
characteristics of the buntee mode in flight- This sin8l€-
degree-otfreedom model does not include any aerody,
namic, Sravity, or friction effecis. Figure 1 shows a sche-
matic representaiion ofsuch a model. This mod€l is a pair
of masses connected by a sp.ing-damper assembly. The
masses, mr and m:/ represent the masses of the iowplane
and sailplane, respectively. Stiffness parameter (l), in lb/
ft, represents the static force-elongation characieristic of
the towrope, and dampinS parameter (.), in lb/(ft/sec),
represents the enerty absorption mechanism of the tow-
roPe-

Fitute 1. Schematic representation of the mass-spring-damper

The natual frequency (t,in llz, and dimensionless damp-
ing ratio (q) of the buntee mode for this simplified end-
neerint model are readily derived from 6rst principles
(ret 1a):

l=^!t r,,rtzrl
g="t1dnay

where ,l, is the reduced mass

n,= \nk/(\+ nk)

I

(1a)

(1b)

(1c)
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Prediction of the frequency and dampint ratio of the
bungee mode in fli gh t requires values of towrope stiffn€ss
parameter (k) and damping parameter (.). These param-
eters were not readily available for the iowrope used in
flight, a 134 ftlength of5l 16-inch-diameieriwisted pol},?ro-
pylene rope. Therefore, ihe parameterswere measured in
a fiee-oscillation ground test experiment usint a short
section (approximately 55 ft) olthetowrope. Results from
this short test specimen were then extmpolated to the fuil
length ofthe flight test ropebased on theassumption that
the material properties of the rope are uniform throughout
its length.

The rope was suspended from a hangar roof truss. A t ihe
lowerendofthis rcpe a weitht palletwas attached through
an instrumented load link. The pallet was loaded with lead
shot, raised above equilibdum position, andreleased. The
loadlinl<tensionmeasurementwas recorded at 100 samples
per second. This test was conducted with five different
loads which spanned the anticipated flitht tensions, and
each load case was rcpeated three tim€s. Fipre 2 shows a
representative time history of tension for one test and
reveals the characteristics of a lightly-damped second-
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Figure 2. Time history oftension from Sround test of tow.ope.

The frequency (/) and damping ratio (E) for each load
mass (nj-,r) were estimated with cuwe-fittingsoftware. In
the gound test setup, the mass on the upper end of the
towrope is essentially infinite, so equation (1c) reduces to
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Figure 3. Towrope charactenzaiion $ound tcn rcsulis.

A series of towed flight operations was flown at a local
glider port using rcnial aircraft. Test-specific instrum€nta-
tion systems were installed on both test aircraft to collect
flight test data. The towplane was a Piper Pawnee (Piper
Aircraft Corporation, Lock Haven, Pennsylvanja) with a

sintle crew member and a gross weight of approximaiely
1500Ib. The sailplane was a Grob 103 (Crob-Werke CMbH
& Co- KG, Cermany) with two crew members and a goss
weight of approximately 1200 lb. The towrope was ap
proximately 134 ft of5/ 16-inch-diameter twisted polypro
pylene rope. Each aircraft was equipped with a data re
corderbased on a commercial sintle-board computerwiih
inteSral 12,bit analog+o-didtal converter and data stoiaBe
memory. Custom signal-conditionint electronics were

Values ofthe towrope stiffness pdrdmeler r1,.,)and damp-
inB parameier (.. 

") 
tor the length tp-ted were. alculdled by

inverting Equations (1a) and (1b) and replacinS reduced
mass ,', with the test load mass (nr,-,).

"ro =4$or^*,

Results ofthe ground tests are presented in figure 3.

The frequency 01 decreases with increasint load, while
the dampint mtio shows some scatter. The stiffness pa-
rdmeter (&F,) increases with inr rea\int load, demonslrar-
int the nonlinear behdvior characlen5lic of a 5liFfenins
sprin& the dampint parameter (c-,/) also increases with
increasint load.
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used to condition and filter th€ raw sensorinputs p or to
digital conversion and storateofthe digital data in memory.
All l'light data were recorded onboard at 100 samples per
second and offloaded to a lapiop computer after each
i-light for permanent storage and analysis. Daia from
recorders on boih aircraft were time,s].nchronized post-
llight by id€ntifyinB equivaleni evenis (such as initial
iakeoff tensjon peak) on borh time histories.

Towrope tension wasmeasured on ihe towplanewithan
insiru men ted load link connected between the tow release
mcchanisnl and th€ forward rinS of the towrope (fig. 4).
Th€ €lectrical cableliomthe load linkwas fed through the
fuselage to the daia recorder, which was mounied on the
aft deckbehind ihe pilot's seat. An in-line electrical quick
disconnect near ihe load link allowed for emer8ency re-
l€ase of the load link and towrope assembly ifiequired.

Figure 4. Installation of load linl on Pawnee towplane (EC 98,
44630,2).

Sailplanelongiiudinal accelerometermeasurements were
made with an accelerometer packate inteSrated into the
sailplane daia recorder. The intetrated assembly was
molrnted in ihe aft sailplane cockpit adjacent to the center
console (Figure 5).

Thestiffness and dampingparameters ofthe 8round test
cPeLrmen fl.r.rnd !_r) were e\{rdpolaled irom lhe lesl
(peLrrrerr r.pe len$h (l .") lo lhp dr lual fli8hl lecl rope
l€ngrh ,ln,). u.int lhe d-:umplion lhdr lhe rope marer'al
properties are uniform throuthout its len$h and that ihe
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Fipre 5.lnstallation of accelerometer a nd data recordersystem
on G.ob 103 sailplane (EC 98 44630 3).

followinS relationships hold:

(3a)

(3b)

Using equations (3a) and (3b) to extrapolate from ihe
Srolrnd testropelength to the nighi test rope len8th yields
ihe flithi stiffness parameter (1,r,) and flight damping pa,
mmeter (.i,)showninfitures6(a) and 6(b). lns€rting t.r/ .,r,,

and measurements of rhe dir(rdd ma.se. rnlo pqudlion-
1(a) 1(c)leldstheexpectedin-fl ight frequencyand damp-
int values shown in fi8lles 6(c) and 6(d).

The expected in-flitht frequency (t,,) rangesfiom nearly
0.38 Hz for low{ension values to almost 0.,16 Hz for high-
tension valuesi the expected dampint ratio (2.,) is near
0.01. The ropeisexpected to act as a preloaded spintand
the two aircraft to bounce back and forth alont a line
connectingthem. Thisline is approximately aligned with
the flightpath- ThebunSee mode is expected tobe obseNed
as the primary oscillatory component superimposed on
the static component ofthe towrope tension and the lond-
tudinal accelerometermeasurements. Furthermore, the
maSnitude of the static component of towrcpe tension in
steady level fl iSht is expected to be approximaiely equal to
the quotient of the weight and the lift-drat ratio of ihe
sailplanei close to 40 lb.

The amplitude of the oscillations is more difficuli to
predict than their frequency. From the low damping ratio
of the bungee mode, predictions indicate that the oscilla
tions ar€ readily exciied and require many cvcles io damp
out. The amptitude of the oscillations is strontly depen-
dent on the magniiude of disturbances encountered in
fliBht.
Results and Discussion

Three test flights were flown on a sinde dalr and ap-
proximately i 0 minutes of flight da ia wer€ collecied. Flight
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Fi8ure 7. Takeoff time histo.y of tow iensnrn and saiiplane
longitudinal acceleration.
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takeoff. Several feaiures are notersorthy The initial ten-
sion peak reaches nearly 100 lb. The staiic component of
tension is aboui200Ib, the dvnanlicco ponentofiension
isinitiallyabout200lbpeak-to-peakand decaysioaboutT0
lb peak{o-peak. Both the iensjon and ihe acceleronreier
signals show a sirong dvnamic comPoncnt with a fie-
quenq' of approximat€li, 0.37 Hz. lhe accelerometer
siSnal also contains a signjficant high-frequency compo-
neni throuBhout; this islikelyl.ausecl h)' runwayvibration
during the€iround roll. Thc obvioLrsbiasin theaccelerom-
eter measurement is likely caused b), a misalignment or
calibraiion error. The iension signal .lso shows a bjas,
possibly a result of calibration error. Othetuise the hlo
sigrals are strongly corrclai€d in iinlc and coniirm the
existenceofthebungee mode near the expe.ted toequency.

Fi81lre8 showstime histori€s ofto\\'rope tension during
level flighi in light turbulence ai an .irspeed of approxi'
mately 69 knots. The bungee nro.t! is 

'radilv 
lxcitcd by

ligh t tu rbulence; ihe flat portions oi thr ii nlc historv, w hich
jndjcate approximatclv 20 lb of irnsion. .l(,monsirah' ihai
a siSnificani haction of the tin]c wn\ spcni $ ith a slack or
nearlv slack bwrop€. Thetow tL'nsion is not p.'riodic,blrt
shows several discr€t€ p€aks thai ar. n'p.rat€.t b) ap-
proximately 4 sec each at which lhe sl..k s as ag8ressiv€ly
remo!ed b) the ior\plinc. ln't]'glri vi5LiJl obs..n.iions
shoh'ed ihat the towrope !\,as sel.lolll !tr.i:jht bciu een ihe

8e

0 100 200 300
Tow lension,lb

figure 6. Expected flight tcst dynamjc characicrisiics.

test daia showed that the bungee mode was coniinuously
excited during towed flight operations. Alihough all flights
were flown in the morninS and smooth air was aciively
southt on tow, thebungee mode \^'as clearly evid€nt in the
tow iension and ihe sajlplane longitudinal acc€lerometer
measurempnts, No specific testmaneuvers wer€ execLlted;
data were collected at a nunber of representative flight
conditions which included iakeoff, climbout, level flight,
high tow, Iow tow, and vaious airspeeds. Production
cockpit instruments (altimeter, aiEpeed indicator, vai-
omeier) were used to identify stabilized test conditions,
but these data were not electronically recorded. A discus-
sion of representative flight test data follows.

Fiture 7 shows time histones of towrope tension and
sailplane longitudinal accelerometer measurements for a
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Figure E. Time history of tos tcnsbn in le\cl flishi;rl 69 knols
with light lurbulence.
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Figure 9.Tinre historyof tow tension and sailpla ne longitudinal
acceleration ai 53 knots in smooth an.

iwo aircraft, dunnt dips in the tow tension the towrope
assumed noticeable curvature. Apparently even litht
turbulence provided enough excitation to drive ihe system
into a region ofnonlinearityand produce a non-sinusoidal

Figrie 9 shows time histories of tow tension and sail
plane longitudinal accelerometer measurements dLrring
level cruise low-tow flitht in smooth ail at an indicated
airspe€d of 53 knots; near the airspeed for maximum lift-
drag'ratio for this aircraft (ref. 15). Even withoui an
obvious source of excitaiion ihebungee mode is apparent
,nborh mpa-urFn-enr-. The o"cilldlory row lpn.ion compo-
nent is approximately 50lb peak{o-peakwiih a frequency
in the range of 0.33 to 0.40 Hz. EstimatinS the static
component ofiension is difficult because ihebunBee mode
is preseni, bui it is approximaiely 7H0lb. Although the
tensionexcursionsarelargerthanthoseseeninfiSureT,the
iension r€sponse is more sinusoidal, for this flitht condi-
iion ihe system remains in a region of relative linearity.

Thefrequencyof thebunBee modeobsened in this fl ight
test ranged from a p proxima tely 0.33 Hz to 0.10 Hz, which
is lower than the preflighi prediction of0.38 Hz io 0.46 Hz.
The prellight prediction wasbased on a sinBle'degree-ol
freedom model; one in which the towrope is strajBhi but
extensible between the iwo aircraft. Casualin flightobser
vation showed this to be an oversimplification; during
excursions iolow tension the towropeassumes significant
cuIvature. Despite the sinlplification, ihe single-degree-
olfreedom engineering model does a reasonable job of
pr€dictint bunt€e-mode frequency. Measurement of the
damping ratio in-flitht is difficult $ven ihe ]nnited flitht
daia, but it is cl€ar that the dampint ratio is stnall.

In-flightexcitaiion of thebunt€emodemakesmeasure-
ment of the static component of iow tension difficlrlt.
However. the data collecied indicate larger tow iensjon
static components than those predicted by simple perfor-
mance-bas€d calculations. Clpariy tow tension by its€lfis
not a direct measurement of sailplane ctra& the measure-
ment is poientially contaminated by numerous error
sources. The short lisi presentedbelow is not meant io be
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all-inclusive.
Theiowtension measurement appears io have an unex-

plained bias ofabout 20lb. In this experiment iow tension
was measured at the towing plane end of the towrope; the
tow iension is increased by the addiiional draS of the
towrope. The system may not always be in steady, level
fl iBht; positive longitudinal acceleration and positive climb
raie would increase tow tension. The iow tension may
apply a significant additional pitchnrt momeni and re-
quire retrimmint of the sailplane; ihe additional trim draS
could increase tow tension. Ihe sailplane may be Rlngin
the turbulence and downwash field of the towplane; the
form€r would likely increase sailplane drag directly, and
the latterwould likely force retrimming the sailplane and
couldincreasedragindirectly. Asaresuliof theadditional
trimdrag, theairspeed formaximum lift'drag raiio maybe
diffeient on- than off-tow, and is likely tobe dependent on
the location of the tow hook and the tow posjtion.
Recommendations for Further Work

Whilethe single degree'of-toeedom model and a simple
flrthl in.lrumenldrion .uile \hos(d romL pro-rnrB rft
sults, compr€hensive validaiion of iheoretica I models with
fl iSht-experimental data requires mor€ sophisiicated mod
elinS,fliShtiesttechniques,andinstrumentation. Existing
comPaiative high'order dynamic models of th€ towed
system (ref.8 and 9) are available io predict sl'stem r€-
spons€ (iow tension as well as other aircraft variables) to
generaliz€d forcing tunctions. These high order modcls
typically include a large nunrber ofmodes associated with
the iowrope iiself. Selection of the model order ihat
capiur€s the essential characte;siics of the toi{ed sysienr
wiihout oversophistication is the crux.

FliShttesiistheenvironmentforcollectingexperimental
data to make an informed selection ofappropriate model
order. Flighi iest maneuvers which excite and isolat€ the
expecteddynamic modesnel]d tobedeiined and executed.
Also, flighi test instrumentaiion which can collect ihc
experimental daia sets needs io be selected and insialled.
In addition to makjng the conventional neasurements of
the rigid-bodymodes ofboth test aircraft, careful aitention
needs to be paid to maknt measurem€nts of the modes
most closely associated wiih the towrope. Only when ih€
!rqui\i(e marcu\ er- hJve been flown Jnd rhp p.penmei-
tal data collected can ihe candidate models be evaluated
and validated.
Concluding Remarks

A sinlple maihemaiical model and simple ground test-
int do weu to predici the characieristics of a ioi\-fre,
quency, lithtly-damped blrngee mode inherent to towed
sailplane operations, and in fliBhi measurenlents confimr
its existence. The buntee mode is virtually contjnuouslv
e\ciled as a re<u t of ils loh d.rrrprrt. Ipn.ror e\, Jr.ior.
during iakeoff f,pically exceed 300 lb, and peak-io peak
oscillationsof 50ib durinScruise fl ithtire noi uncommon.
This dynamic component of tow tension makes accurate
measurement of the staticcomponent of tow tension difii-
cult. The static component of iow tension appears to be
largerthan predictedby sin1ple per.formance based calcu,
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