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EXPERTMENTAT, DETERMINATION OF THE LATERAL STABILITY OF A
GLTIDER TOWED BY A SINGLE TOWLINE AND CORRELATION WITH
AN APPROXIMATE THEORY

¢ .By Bernard Maggin and Robert E. Shanks

SUMMARY

An experimental investigation was made to determine the effects of
various design paremeters on the lateral-stebility characterlstics of a
glider towed by a single towline. The investigation showed that it is
pogsible to obtaln inherent lateral stabllity wilth a single towline system.

An approximate theoreticael analysis wes elso made and the results of
calculations made by use of this analysls were compared with the model
flight-test results. Although the theoretical demping results are too
conservative to be of much practical wvalue, the existence of divergences
end the perlods of the lateral osclllations are predicted with fair
accuracy .

INTRODUCTION

The Army and Navy have long been Interested in towed gliders as a
means of transporting men, material, asrial targets or guided missiles.
One of the major problems connected with the use of towed gliders has
been that of obtalning lateral stabllity of the glider on tow. Once
trim conditions had been established, an inherently stable glider towline
system would require no pilot attention and thus glider-pllot fatigue
would be reduced on long flights or under conditions of poor vislbility.
In addition, 1t would make feasible some glider applications that are
now lmpractical.

In order to obtain lateral stability, various automatic and semi-
automatic devices have been used but these devices are limited in their
application by their complexity and maintenance problems. Glider-
position indicators, as a visual ald to the pllot during blind-flying
conditions, have proved unsatisfactory. Various systems other than a
single line have been proposed. One such system consisting of twin
parallel towlines was studled in a theoretical and experimental investi-
gation in the Langley free-flight tunnel (references 1 and 2). In
general, however, 1t appears that the most satisfactory solution to the
towed-glider problem would be an inherently stable single-towline system.
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Although a considerable amount of experimental and theoretical work has
been conducted in this country and by the British to date no satisfactory

theory predicting the lateral-stebility characteristics of a glider on a .
slngle towline has been reported.

The results of an experlmental Investigation to determine the effect
of varying the effective dihedral, directional stability, relative density,
towline attachment point and towline length are given in the present

report.

In addition, a simplified theoreticalimsthod dersloped to deger-

mine the lateral-stebility characteristics of & glider towed by a single
towline 1s presented in the appendix and the results of calculations made
by this theory are compared with the experimental data.

SYMBOLS

The forces and moments are referred to the stability axes (see fig. 1)
unless otherwlse stated. These axes are defined as an orthogonal system
having ite origin at the center of gravity end in which the Z-axis 1s in
the plane of symmetry end perpendicular to the relative wind, the X-axis
is in the plane of symmetry and perpendicular to the Z-axis, and the _
Y-axis 1s perpendicular to the plane of symmetry. The coefficients pre-
gented here refer to the glider except where otherwlse noted.

W

H U o B

=

welght, pounds

mass, slugs

wing span at zero dlhedral angle, feet
drag, pounds; differential operator (d/ds)

lift, pounds; rolling moment about the X stability axis,
foot-pounds .

pitching moment ebout the Y stabillty axis, foot-pounds

yawing moment about the Z stebility axis, foot-pounds
11Pt coefficient (Lift/qS)

drag coefficient (Drag/qS)
lateral-force coefficient (Y /gS)
welght coefficient (W/gS)

rolling-moment coefficient (I./qSb)
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pltching-moment coefficient (M/gSc)
yawing-moment coefficient (N/gSb)

angle of yaw, radians

angle between X-axis and proJjectlion of the towline on
the X-Y plane

angle of sideslip, radians
angle of bank, radlans

angle between Z-axis and projectlion of the towline on
the Y-Z plene

rolling angular veloclty, radians per second
yawing angular veloclty, radians per second
angle between towline and the relative wind, degrees

angle of attack, measured from the top of the boom to the
relative wind, degrees

angle of attack; measured from the angle of zero 1lift, degrees
wing dihedral angle (positive wing tips up), degrees

rate of change of rolling moment with angle of sideslip (dL/dB)
rate of change of rolling moment with rolling velocity (JL/dp)
rate of change of rolling moment with yawing velocity (JL/dr)
rate of change of yawing moment with angle of sideslip (3N/OB)

mean aerodynamic chord of wing, feet
wing arsa, square feet

vertical-tail area, square feet
time, seconds

mags density of ailr, slugs per cublc foot

dynamic pressure, pounds per sguare foot (%pvé)
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gravitational acceleration, ft/sec? : _ ' .

relative-denslity factor L

pSh
radius of gyration about X-axis, feet
radius of gyration about Z-axis, feet

radius of gyration about X~axls, spans

radius of gyration about Z-axls, spans

radius of gyration about principal longitudinal axis, spane

radius of gyration ebout principal normal axis, spans -

product~of-inertia factor, spans2 <%ZP2 - Ky f) cos 1 8in N
D _

angle of attack of principal longitudinal axie of alrplane;
positive when forward end of major principal axis is above
X-axis, see figure 1 — .

distance along X-axls from center of gravity of glider %o
the towline attachment point, spans

distance along Z-axis from center of gravity of glider to the
towline attachment point, spans )

sidewlse movement of center of gravity along Y-axis, feet,
gee figure 8 _

gldewlise movement of center.of gravit& along Y-axis, spans
towline length, spans

true airspeed, feet per second _ _ -
velocity along Y~-axis, feet per second
towline temsion, pounds o - - - -

lateral force, pounds _ ; =
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rate of change of lateral-force coefficlent with angle of

aC
sideslip, per radlsn SEX

rate of change of rolling-moment coefficlent wlth angle of
sideslip, per radien (3C;/OB)

rate of change of rolling-moment coefficlent with rolling

oC
angular veloclty factor -—%
%
rate of change of rolling-moment coefficient with yawling

BCZ
velocity factor | —=

drb

v

rate of change of yawing-moment' coefficient with angle of
: [,
sldeslip, per radlan B

rate of change of yawlng-moment coefficient with rolling
3¢,

3D

2y,

rate of change of yawilng-moment coefficient with yawing
ac '
n

engular velocity factor SEE

2v

angular velocity factor

E, ¥, G, H, I, d, X coefficlients of the stabllity equation

period of oscillation, seconds
time requlred for a motion to. damp to one-half amplitude

imaginary portion of complex root

real portion of complex root or a real root

Towline terms:

Y
J

Yy

g

rate of change of the lateral force with sidewise displacemsnt

(aY /oy)

rate of change of lateral force with angle of yaw (JY/o¥)

rate of change of lateral force with angle of bank (JY/d¢)
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rate of changs of rolling momeht with sldewise dlsplacement

(3L./3y)
rate of change of rolling moment with angle of yaw

(3L/3¥)
rate of changs of rolling moment with engle of bank (3L/d§)
rate of change of yawing moment with gidewise displacement

(oW /oy ) :

rate of

rate of

rate of
with

rate of
with

rate of
with

rate of
with

rate of
with

rate of
with

rate of
with

rate of
with

rate of
with

change of yawing moment with amngle of jﬁw

chenge of yawlng moment with anglie of bank

change of lateral force caused by towline
sidewise displacement (dTy/dy')

change of lateral force caused by towline
angle of yaw (3Ty /OV)

change of lateral force caused by towline
angle of bank (aTy/B¢)

chenge of yawing moment caused by towline
sidewise displacement (&Tn/dy')

change of yawing moment caused by towline
engle of yaw (OTp /o¥)

change of yawing moment caused by towline

angle of bank (dTp /3¢)

change of rolling moment caused by towline
gidewlse displacement (dT71/dy')

change of rolling moment caused by towline
engle of yaw (OT,/dV¥)

change of rolling moment caused by towline
engle of. roll (oT,/d)

(3N /3¥)
(on/3¢)

tenslon
tenaion
tension
tension
tension
tension
tension
tenslon

tension
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TESTS
APPARATUS

Al) the tow tests of the model were conducted in the Langley free-
flight tunnel, a complete description of which is glven in reference 3.
Photographs of the model mounted on a stand and on tow in the tunnel are
presented in figure 2.

A gketch of the model used in the teste 1s presented In figure 3.
The model consisted of a wooden boom upon which the wing and stabilizing
surfaces were mounted. A Rhode St. Genese 35 airfoil section was used
in accordance with free-flight-tunnel practice of using airfoil sectioms
that give maximum 1ift coefficlients in low-scale tests approximately
equal to.those obtained in full-scale tests of conventional airfoll

sectlions. The stabilizing surfaces were constructed of'%—inch sheet
balsa.

The wings were mounted so that a range of geometrlic dihedral angles
between -5° and 15° could be obtained, and the model was arranged to
allow for mounting of any one of three vertical tails, 5 percent,

7.5 percent, and 10 percent of the wing area. (See fig. 3.)

The glider model was equipped wilith conveéntlonal control surfaces
actuated by a pilot through standard free-flight-tunnel control
mechanisms. A complete description of the flight models and flight
technique used in. free~flight-tunnel testing is given in reference 3.

The model photograph and sketch in figurss 2 and 3, respectively,
show the special tow bar used on the model. The tow bar consisted of a
horizontal bar' mounted on two vertical bars, one located in the nose of
the model, the other at about the 60-percent station of the root chord
of the wing. The vertical position of the horlzontal bar could be
varied and the towline ettachmsnt could be made anywhere along the
horizontal bar. The tow bar was used for convenience, but in practice
a trifurcated bridle system, which glves, in effect, a fixed attachment
point at the apex of the glider bridle lines could be used, provided
that the.attachment lines remain in tension. Figure 4 shows some of
the more commonly used single-towline attachment systems. From a study
of these systems 1t can be seen that the tow-bar arrangement used in
the tests can represent any of these common systems insofar as the- towline
attachment point 1s concerned if the longitudinal trim ie assumed not
to changse (as is approximately the case) during a disturbance.

The relative density up of the model was adJusted without changing
the moments of lnertlia by adding welghts at the model center of gravity.
Increasing the value of K In this manner decreased the radii of
gyration as shown in table I.
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In the tests the alrspeed was held comstent and the ‘trim angle of
the elevator was adjusted to obtain approximastely the desired angle of
attack and towline angle. The model was controlled by the pilot who,
in the case of stable tow configurations, supplied dlsturbances to start
an oscillation. In the case of unstable tow configurations, the pllot
steadlied the model so that the oscillation could develop from the steady
state and then.could be stopped when sufficient records of the motlion
had been obtained. During the oscillation the controls were fixed.

The motions of the model for the various test conditions were
recorded by two motion-picture cemeras, one mounted on top of the tunnel
directly above the glider model, the other at the rear of the tumnel
directly behind the model. In some instences the period of the lateral
motion was measured with a stop watch. For each tow condition the tow-
line angle end angle of attack were measured visuelly with a protractor
mounted at the slide of the tummel.

From the motion-picture records, plots were made of the sidewise
displacement, angle of bank, and angle of yaw against time for the con-
ditions tested. From these records the period and time to damp to one-
half amplitude of the lateral oscillations were obtalned. Some repre-
sentative flight records are presented in figures 5(a) and 5(b).

SCOPE

A 1liet of the c¢conditions covered in the tests 1s presented in
table ITI. It will be noted that the tow atbachment pointe considered
are above and forward of the glider center of gravity and the glider is
below and behind the tug. These glider tug configurations were used
because past towlng experience indicated that they would be best from
the standpoint of obtaining lateral stebllity on tow. This table shows
the effects on lateral stebility of varying the effective dihedral,
directional stabllity, relative density, towline attachment point, and
towline length. In order to determine the effects of these paramsters,
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they were varied one at a time from a basic condition for which the
values of these parsmeters were:

W = 0.465 1b po=2.4

-y

b

; - o. 8

3 55

-E - -22

b 0 2

B

S5¢ _ T+.5 percent Cp. = 0.06
S ng = 7°

A few tests wers also made to determine the effect of varying the effective
dihedral for zero-length towline. For these tests the model had three
degrees of freedom ebout the tow attachment point. The values of the other
parameters were the same as for the basic conditlon given abovs.

. Test results are available only for towline lengths up to 4 spans
because of the size of the tunnel test section. 'Analysis of the towline
terms and calculations eXtending the range of towline lengbth indicate
that changing the length of the towline up to about 10 spans affects the
lateral-stability characteristics appreciably, but further increase has
only slight effect. Therefore, for towline lengths of 10 spans and
greater, the trends which are found for the remaining paramesters at the
shorter towline length can be expected to prevail.

TEEORETICAL CALCULATIOXNS

In addition to the expsrimental Investigation an attempt was made
to develop an approximate theoretical method for predicting the lateral-
stability characteristics of the glider on'a single towline. By use of
this theoretical method, which is given in the appendix, calculations
were made for varlous combinations of towline length, effective dihedral
parameter CzB, directional stability parameter CnB’ relative-density

factor W, and vertlcal and horizontal towline attachment position. A
complete listing of the conditoms for which the calculations wére made

is given in tables I and ITI. Inasmuch as the product of Inertia was
believed to be relatively unimportant for the low-relative-density
condition of most of the model tests, the product-of-inertia factor kXZ’

was assumed to be zero for most of the caltulations.
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The parameters used in the calculations were obtained elther from
tests or from calculations for the specific model condition. The source
of each of these paramsters is indicated in table I. Except in the
relative-denslty derivatives, values of the derivatives for an angle of
attack a of 2° and a towline angle € of 25°,were used in the
calculations. - -

RESULTS AND DISCUSSIORN

The results of the investigation are presented in table II and in
figures 6 and 7 in which lateral oscillations are presented in terms of
the period and the retiprocal of the time to damp to one~half amplitude
for each particular condition. The reciprocal of the time to damp to
one-half emplitude is used to evaluate the damping because this value
is a direct measure of the degree of stability. In general, the calcu-
lations and tests were made at the same conditions except where the
dynamic characteristics of the model or physical limitations of the test
setup precluded. testlng.

The lateral-stability characteristics determined by the theory pre-
sented in the appendix indicate that the lateral motions of the glider
model generally consist of two highly demped aperiodlc modes and two
periodic modes, one usually having a pericd of approximately three times
the other. From the results of the calculations and tests it appears
that the long-period mode is usually the predominant or more lightly
demped motion and consists of a cambined rolling and yawing motion
gimilar to that of the conventionsl Dutch roll.

Wherever possible the lateral-stebility cheracteristics of both
periodic modes wore obteined from flight records similar to those of
figure 5. "In general, the characteristics of the predominant long-
period mode were obtalned from the plot of sldewise displacement against
time (fig. 5(a)). The short-period mode appeered primarily as a
yawing oscillation end its characteristics were obtained from plots of
yew angle against time (fig. 5(b)). In most cases it was difficult
to ascertain the period and demping of the short-period oscillation .
because 1t was masked by the less heavlily demped long-period oscillation.

Although no systematic lnvestigation was conducted to determine the
effect .of towline angle on the lateral-staebility characteristice of the
gllder model, analysis of the towline forces indicated 1its importance.
Some exploratory tests were made to verify this analysis and it was found
that, in general, for any attachment point in the range tested, increasing
the towline angle was stabilizing. During the tests an attempt was made
to hold the towline angle and angle of attack to one set of values

(e =25°, "a’=29. Although these valies of € and o« were not always

exactly obtained, it is believed that the slight variations of these
perameters do not invalidate the correlation of theoretical and test
results.
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CORRELATION OF CALCULATED AND EXPERIMENTAL RESULTS

The results of the experiments and analysis which are presented in
table IT and figures 6 end T indicate that, although the theory predicts
the periods of the lateral oscillations fairly well, 1t does not predict
the demping with sufficient accuracy to be of practical use.

In order to determine whether the omission of the product-of-inertia.
terms, recently found to be importent in some cases (reference h), was
responsible for the poor gquantitative agreement of the calculated and
experimental damping results, additional calculations were made for the
basic condition and for the relative-density-of-10 condition with these
terms included in the equations. These calculations showed that inclusion
of the product-of-inertia terms had virtuelly no effect on the results
for the basic condition (k = 2.4) but did chenge appreciably the damping
results of the higher relative-density condition (& = 10.0). Therefore,
with the exception of the relative~density veriation, product-of-inertia
effects were ignored for these tests eand calculations.

In yiew of the Pact that only first-order effects were considered
in developing the theory, the discrepancies between the theoretical and
experimental results may in part be assoclated with the relative importence
of soms terms which were considered negligible to the first approximatiam.

Effect of CzB

Four-s towline length.- The experimental data for the range
of -CZB given in figure %Za) show the periods of both the long-period
and the short-period modes to be fairly constant. Although the short-
period calculations are in good agreement with the tests, the long-

period results indicate increasing length of period with decreasing
effective dihedral.

The experimental damping results indicate that -the long-perlod motion
is the predominant mode since the short-period motion was always very
heavily demped. The demping of the long-period oscillation was found to
decrease with decrease in -CZB. At a value of -CzB of -0.0458

(teble IT) any disturbance resultes in a repid divergence in roll which
obscures the characteristics of the oscillatory modes. The calculated
results do not agree with the tests except in the prediction of the
divergence.

Zero towline length.- The test resulte of figure T show that for
the zero towline length the short-period oscillation is the predominant
motion for all positive values of -Czﬁ._ The length of the period,

however, increases as the value of -CZB decreases indicating a
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tremsition of the predominant motion Ffrom the short-period to a longer-
period mode &t low and negetlive effective dihedrals. The calculations
show the short-period motion to be the predominént mode only at the higher
values of -:CIB "and that the long period is the more lightly demped at
lower effective dihedrals., These results also clearly indicate that the
long-period mcde 1s replaced by a divergence as the value of —CZ is

B
increased from O to -0.0458.

Effect of CnB

The test results of figure 6(b) show little change®in the period of
the long-perlod oscillation for the range of C, ‘tested, whereas the

period of the short-period oscilletlon increases gradually with reduction
in Cnsi At zero dlrectional stebillty the short-period motion which wes

hardly noticeable at higher values of Cp ng became evident as a steady

large-amplitude short-period yawing oscillatlion. It was agsumed that the
motion was unstable at small asmplitudes and bullt up to a steady oscilla-
tion of largs amplitude. The rate of increase of amplitude could not be
measured, however, becauss the oscillation was well developed by the tims
the trim conditions had been attained and the short-period yawing motion
could not be stopped by the pilot to permlt gtudy of the motion at small
amplitudes. The calculations show & marked decrease in the demping of

the short-period mode with decrease in Cnﬁ and at Cn = 0 indicate

‘“the unstable oscillation which wae found experimentally.

With increase in the directional staebllity the demping of the long-
period osclllation was found to Increase slightly. The calculated results
are not in agreement with this trend.

Effect of - ST =

An Indicetion of the effect of the relative-density factor p on
the bateral-stability characteristics is given in figure 6(c). Because
of test limitations Imposed by the model, the angle of attack as well as
airspeed had to be increased as the value of i was increased. Table I
gives the corresponding varlation In the other parameters used for the
calculations. Compared to the change in magnitude of the valuss of 4,
the changes in the other parameters were relatively small, howsver, and
the principal effect glven in figure 6(c) is believed to_he that of
variation of . _ — -

Although the period of the long-period oscillation increases slightly
* with increase in relative density, the long-period calculated results show
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a very slight decrease in length of the period. The inclusion of the
product-of-inertia term in the calculations for a value of p = 10 had
practically no effect on the period of eilther the long-period or the
short-period oscillations. The experimental results show & general
increase in damping of the long-period mode as the value of p is
increased from 2.4 to 10, but the calculated results presented in
figure 6(c) indicated that increasing u from an average present-day
value of 2.4 to 10.0 results in a change from stabillity to gradually
increasing instability for the long-period oscillation. Including the
product-of-inertia terms in the calculations (table II) improves the
agreement between damping results of the tests and calculations at a
value of p of 10 but produces virtually no chengs in the resulits at

a value of .u of 2.4. Since the tests gave no indication of short-
period instability at any value of relative density, 1t 1s apparent that
including the product-of-inertia terms in the calculations made the

. agreement between the tests and calculatioms poorer for the short-
period mods.

Effect of Tow Attechment Point

- The effect of varying the horizontal location of the tow attach-
ment point was not determined experimentally because the model could
not be trimmed longitudinally for values of x below that of the basic
condition. However, calculations were made for a range of values of x
from O to 0.558 spans, and these results are presented in figure 6(d)
with the one experimental point availaeble. The results show a decrease
in the instability of the long-period motlon and a decrease in damping
of the short-period motion with increase in x. With increase in x,
the period of the long-period oscillation decreases at a decreasing
rate and the length of the short-periocd oscillation is practically
comstant. The effect of the vertical location of the the tow attach-
ment point is given in figure 6(e). Increasing the z distance was
found to have little effect on the length of the period of either mode
but reduced the length of the longer-period mode slightly. The test
results show that the greatest demping was found at a value of z of 0.117
and that increasing or decreasing the horizomtal distance reduced the
damping of the long-period mode. The calculations indicate, however,
that increasing 2z improves the stability of the long-period mode but
reduces the short-period damping.

Effect of Towline Length

Both the theoretical and experimental results presented in figure 6(f)
indicate that increasing the towline length from 1 to 4 span lengths
increases the damping of the long-period oscillation. The test results,
however, show somewhat more demping then is predicted by the theory.
Calculations were also made for towline lengths of 10 and 100 spans
although tests were not possible for these lengths. The long-period
damping continues to increase (table IT) but at a much more gradual rate
than was found for the range tested.
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The calculated results show that increasing the towline length from
.1 to 100 span lemgths has no appreciable effect on the damping of the
short-period oscilliation. : _ . —

An increase iIn the towline length causes a gradual increase in the
period of the long-period oscillation but causes no change in the period
of the short-period oscillation. These results are shown by both the
calculated and experimental results which are in good agreement.

CONCLUDIKNG REMARKS

The results of the experimental iInvestigation and theoretical
analysls to determine the ldteral-stebllity characteristice of a glider
towed . by a single towline may be summarized ag follows:

1. The investigation showed that it is possible to obtain inherent
lateral stabllity with a slngle- tcwline-glider arrangement.

2. The stability theory presented in the present paper does not predict
the stability of the glider model with sufficient accuracy to be of much
practical value. The calculated and experimental results sre in fairly
good agreement on the perilod of the lateral oscillations and the -prediction
of divergences, but the calculated damping of the lateral oscillation is
generally considerably less than the measured damping. The theory is
presented, however, as a basis for further study and the experimental
results should be useful for correlation with any Further theoretical work
which may be performed. . o . —_

Langley Aercnautical Laboratory
National Advisory Commlttee for Aeronautics
Langley Fleld, Va.

I
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APPENDIX
THEORETTICAL, METHOD

The method of calculating the lateral stablllty of a glider towed
by a single towline consisted of setting up the stabillty equations with
respect to the stability axes of the glider (see fig. 1), obtaining the
aerodynamic stabillty derivatives for the glider and the derivatives
caused by the towline forces, and solving for the period and time to

demp of the lateral oscillatory modes of the glider.

Assumptiong.- To simplify and facilitate the handling of the theo-
retical analysis, the following agsumptions were made:

1. The glider and tug were assumed to be in level flight and the
tug to be in steady flight.

2. The basic aserodynamic paremeters were assumed to vary independently
of each other.

3. Lateral—-stability cheracterisiics were assumed to be independent
of the longitudinal-stabllity characteristics.

4. The angles of deviation of the glider from the steady-flight
condition were assumed to be small. Towline angles with respect to the
relative wind and towline tension were assumed not to change during a
disturbance.

5. The towline was assumed to be welghtless and straight and to haw
no effect on the stability of the glider other than that caused by direct
forces and moments resulting from towline tension.

Full-scale tests and tests in the Langley free-fllght tunnel have
indicated that the assunption of a straight towline i1s valid for moderate
towline lengths. British investigations show that glider towlines can
be considered straight for lengths up to about 4 or 5 spans for any
towline angle and for greater lengths for towline angles between about 20°
to 30°.

Equations of motion.- Inasmuch as a single towline allows the glider
three degrees of lateral freedom, the basic lateral-stability equations
were used, modified only to include the derivatives defining towline
restralnts. The lateral equations of motion following a disturbance may
be written as follows:

dav

mey + IVr = mgf + BYg + towline derivatives (1)

nmq? %ﬁ = mka-%£ + gng + é@Nr + BNB + towline derivatives (2)


http://www.abbottaerospace.com/technical-library

16 : : : NACA RM No. L8H23

dp _ pb ' rb
kaE .-l’ = -'é’-v-IP + mkxz 5t T svr + BLg * towline derivatives (3)

If the effect of glide-path angles other then zero is considered,
the normal glide-path terms will appear in the basic latera.l-stabili'by
portion of the preceding equations. ;

Towline derivatives.- In straight steady flight the towline con-
tributes only & pitching moment and does not affect the lateral stablility.
Sidewlse displacement of the glider along the Y-axis, displacements in
yew about the Z-axls, or displacemsnts in roll ebout the X-axis result
in forces and moments about these axes that are functions of towline
tenslon., The towline derivatives expressing the resultant relationship
may be o'btained to the first order as follows from figure 8 by consid-
eration of the forces and moments with respect to the stabllity axes
and the gllider center of gravity:

(a) Lateral-force derivatives

I_.3
T 1
or
T
Yy - 1 (1")
and
% = - ME_Z LA (cos € sin ')
but for relatively long towlines, however, ' =¥ then
Y.{, = -T(X =~ + cos e) | (5)
where sin¥ ' =¥ and -
Y. Zsing_ sine sin ¢
T ‘1
Also for long towlines, @' = ¢ or : _
Yy - -T(% + sin e) - (6)

vhere sin ¢f = ¢.

(b) Yawing moment derivatives: _ _

N. = -EX - ' (1)
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N\lr = -Tx(% + cos e) (8)

Ny - -Tx(-% + sl e) (9)
(¢) Rolling-mument derivatives:
Ly = -1z (10)
L\F = -Tg (% + cos e) (11)
= =T Z in 12
Iq Z (z + 8 5 (12)
Dr
where T =-zZZf and
c =

- 4=l (W - T
(59

‘For zero towline length, the tow attachment point is Ffixed relative
to the tug and the towline tension always acts in the vertical plame of
the relative wind. Because of these limitations the glider is permitted
only three degrees of freedom and the towline .derivatives Y, NSY , end I
normally resulting from sidewise displacement of the tow attachment
point do not exist. The remaining derivatives resulting from yaw and
roll sbout the tow attachment point become:d

(a) TLateral-force derivatives:
Iq' = -T co8 € ' (5a)

__Y¢ = -T sin ¢ (68)

(») Yawing-moment derivatives:

N\F = -Tx cos € (8a)
Ny = -Tx sin € ) (92)

(c) Rolling-moment derivatives:

L* = -Tz cos € . (11a)

L¢ = -Tz sin '€ _ (12a)
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Equations of motion, nondimensional form.- Substituting the towline .
dorivatives in eqmations (1), (2], ont (3) Tiolis the Fallecinn oouatemns:
mg'-:l_é+mVr-mg¢-BYB-yYy-Wq,-¢Y¢=O (13)
wy® E - migz §8 - By - W - BN - gNy - VN, - g =0 (1)
we” - By - matz - Rl - Blg - gy - ¥y - fig =0 (1)

For convenience, the equations can be converted to nondimensional
form by using the following relationships and ‘the operator D:

y‘=% _ =
k' -

Bx = 3 :

K = 2

y=vf(ﬂ +¥)dt = <§—%—‘V)b

$-v o

g%=r : -

F=8 - -
where - . - . i

E;=Y-13 - .
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and

_v
ds = + d%
D¢ _pb
2 v
Dy _1b
2 v

Then substituting these relationshipe and dividing equation (13)
by gbvab' yields the nondimensional equations:

<2ub3 - CyD? - Tyy,n> (hu]ﬁ 2Ty, D - eTny ;—g

+ (-zcwn - 2Ty¢D> 2-o (16)
<-an1>2 - n_y,])) B+ (lmKZ2D3 - G 1P - éTnvD - 2Tn_y,> L
+ (—h-uKXZD3 - cnPD2 - 2‘I‘n¢D> é—’-: =0 (17)

+ (’-I-LLKXED3 - C1 0P - 2Tz¢D) 2 -o (18)

where the nondimensional forms of the towllne derivatives are:

Cp
co8 €

Crp
T = ~-=~3; Cp Dbelng
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Dyt Yyn
?nw = —xTy¢
Tn¢ = -xTy¢
sz = _ZTyy' -
Tzwy = -zTy*
T1¢ = -zqu’

The determinant of the left slde of these equatione yields the
glider-stablllty equation of the form:

AD9 + BD8 + CD7 + ED6 + FD’ + G—Dh + HD3 + ID2 + dD + X

I
(@]

(19)

where:
A = 32u3K,PRy" - 32n3Ky,?
IS 2 2 2
o 2 2
- 8Ky, - 8Ky o,
o o, 2 2 o
¢ = -16u KZ2T1¢ - 164%K, To, - 16 K. K, Ty o+ 0 0y

2 2 2 2 2
- 2uC, C, + hu C LKy "Cy C
M Iy [ KZ CYB zp + X Yﬁ n,, + 163 Ky CnB + léperZ Cl

. 2
160Ky, T g+ g Colr + 164°K xz Ty, + MikpzOy 0, - 164 RygT,,
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E=

H
|

4uC n T2 n, g * huc, n L“‘Cinz* - )-chern¢ + BuE,°Cy T,

¥ B_¢

+

2
Buxx YTy 1}'+ hp.KZ c ot upxx Co Ty 1. - 8K anTy‘F

2
- C, T - C c C C Cc c.C + huC, ¢
BPKZ g Jg  Ig nr S ¥ Yg By L e ng iy LBy

B“Kzeczscw - 8“szTy¢°zB 8*‘szcwcn - SrpTygCn,

+

BH%ZTDQ;CYB + L‘“szTyy'CZr + 8”"'5:ZCEEBT11;r + ““szCinyy:

-2¢, C_ T 4+2C,.C_ T 2CCT+2CY n
Y ILrIQr Y DPZ YBIPnﬂr BZ ¢

-C,C, T +C C 8uCT+8uCT+2CCT
SN T P A 2 B 1y Ty

g B g B ‘p
2
- 20p.0q T = + 209,00 Ty - 4 2C, BCD'PT + BuKy' cYBT%,

Y

2
8[-1KX CnBTyyl - SHKXZTy 1 5 - 8UKXZCan ( + BHKXZCYB z '

2 Cop =

ZCan‘y 4G, Gy, +2cmT - 20y Cifn_, '2CY cz -
B Yy
+20,C T +20_ C, T -20,C, T
1 1 Cn
Yg np Ly Ty “p Iyt B pYy!

-ucr'chwTZy, + 4T ,czﬁcW

J=KX=0

21
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The period snd time to damp to one-half amplitude of the oscilllatory

and aperiodic modes may be determined from the roots of equation 19 by
the following relatlonships -

P=22D B )
avVv
logeOos'b B
Tl=- . -
= c Vv _
2 _
or
- -0.0693 b
T1 c v

2 _ )
where 4 is* the coefficlent of the imaginary portion of —the complex
roots and c

1s either the real portlion of the complex roots for the
cscillatory mode or the real root defining the aperiodic modes.
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TABLE I.— PHYSTCAL AND AFRODYNAMIC CHARACTERISTICS

OF THE SINGLE TOWLINE GLIDER MODEL

Wing area, B8quare 86t . . . &« 4 ¢ « o« o o ¢ ¢« o o o o s a s o e e 0 s« 1.02
Wing EP&.D., feet ¢ © & o & s o s e & o o s 8 v @ a" e € & o o & o o & 2.50
Wing @8poct Tat10 « 4o 4 4 ¢ 4 4o s o o s o s s 0 s 4 e 4 s s e e s 6,10
Wing mean aerodynamic chord, feet . ¢« v ¢« o v o ¢ o « ¢ ¢ o s » ¢« o o » 0,416
Model center—of-gravity location, percent mean chord . . . . . . « . . . 0.390
Mess characteristics )
(A1l values obtained by meesurement)
Weight Relative-density % %
W factor *x 5 kz 2y kxz
as11 2.4 0.419 0.k62 0.606 | 0.596 -0.0240
k50 5.0 1< N pR—— L T e B s
720 ’ 8.0 28 | eema- B3 feomen | ameeaes
900 10.0 .259 .259. .388 .388 -.01k43

Aerodynemic characteristilcs

a C, Cp Cy Cp. Cq
k| (aeg) | (B) (b) () () ()

as ) 10 | o.57 | o.m0 | 0.161 | —0.0272 | —0.%9
5,0 12 .75 .150 221 -.037h -9
8.0 14 .86 .168 .282 -, 076 - 49

10.0 15 .52 75 .322 —. 054l -9

Vertical Area Cﬂﬁ CYB Crpe
tail (percent 8) (v) (b) (v)
0 0 ~0,25Th | =0.020
' 1 5.0 L0343 -.4061 ~.0k0
ap T.5 .0572 k62 | —.060
3. 10.0 .1087 —.5205"| -—.,082
Dihedral angle Cy
(deg) (bgi
-5 0.0458.
0 0
5 —, 0688
€10 -.1375.
15 —,2000°

8Bagic condition from which the parameters were var:i_.ed.
bValues obtained from force tests in the Langley free~flight tumnel,

CValues obtained from reference 5. -

bk
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Conditions "oy Tontn
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iahle r LT} " x . 1 Adrpeal Long pariod | Showt paoiod | Aperd— | Tong paried Bhort pardod
(dag) | (parect (rpa) T odia ‘. ot
8) 1 1 male 1 (deg) | (dg)
!; P | T P i’i ? £y B ﬁ )
3 3
] 2.8 ~0.93 |4.67| 0.682 | 0,92 | 1.687] (d) —— NS [NSS [P, NN [
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10 gg. 2,5 |28 |02 | 67 0% ——— S I havieicly IURAY I
Oy 13 .6 2.9 |eds| am| 87 | 006 3.79 4 | 1,00 ] -~ | 26 3
-5 e5.8 | 0,908 1,885 | -—-nm 95|10 @ [ | e | | B, :i
oL e6.0 m-==|8.93 | Jhok | 9k [ 1,334 1.60 - J [ G i
7.5 2,k 5B B ] 0 2.8
5 B6.3 -=—|%33| 1| 98| W86 1.4 NI VR S [ LS
0 L 3.8 {1230 | By | .bok 1.2 @) | amme o | 0 %
g.o g.g E'T"' :.; .g:.:"r 116 -.g el = 13 | (@) |e 2
i) . ., . . A —. o . —— | w— ]
Oag 10 .5 2. 5% k23 4 .8 26,3 e.ﬁ 26| ol E .Ea:l. 2,60 ki R ER & e
10.0 26.3 2.3 [1.98|—~000] 3 | .B%% 2,60 o crww | wree | 28 B
Yok 2,6 26,3 2.h3 (263 2] .8 | .33 2.50 A6 5|1y | 2
2 %o | woa va lei | | m | T puigl Il il el R B
B 10 1.5 8.0 -8 -£25 L El:"" et Seds [FeR TS oT2 el Por=2 - Rl R T
o [ 200 0 Tl b 12,48 | -aks | 60 | oL 3.30 B0 | eem | wm | 26 a
10,0 ko | 27d 139 [2.06 | 097 | .58 | -6 | e [ e [ e e S—
Oms g.a 153 [+.13|-471 |18 1.;32 wn—es | wvmm oo towta] e | meem famee | ceenn
. .3 2,00 [3.12 1 . e | == | Yo tewtm]| = | e [emem | e
z w15 Eadi I B 22 b A8 apey o |ome | —am [1d | 38| T 27 |wo tawte| - | — [T I
| ».5%8 26.3 243 [2.63] 01| | 01 2,60 16 9|1 |8 2
093 £7.0 .17 % -an | 86| e 2.96 ST S [ [N - | g
. 10 7.5 2.k 58 L7 ¥ 2.5 2.7 2.2 [2.7% |~-138 | .86 | ,70B 3.10 - 50 | e | 2
X 2.3 25 j2.63 | won | & | am 260 | a5 | 9 [Lm |5 |
1] £6.0 3.87 p.8e [-u60 | 86 | .23 2,00 5-{ 65 | - |om 2
1.7 —_— e o= |- (AR [P - PO R £
e 2.2 3.09 fean [-po | 7 | a0 060 | @ |-=-]- |2 |g}
3 10 T.3 2.4 8 89 2.8 £6.3 217 R4 w280 | 88 | 300 2,%0 10 | B0 |a 1
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Tasic ocodition from vhich the perameters ware varied,
STnoluling produck-ofiinarila terms,

Gnekablo — from viqual chaarvetionm,
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Wind
direction

Xp
W

Wind
direction

Zp¥ 7

Figure 1.- The stability syStem of axes, Arrows indicate positive directions
of moments, forces, and velocities.
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NACA .

B Loy

(b) In flight.

Figure 2.- The glider model used in the tow tests.
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Al
L

30" .

" Alternate tow ﬁ’

bar positions

Figure 3.- Sketch of the glider model.
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(o) Nose éow

7 Bridile

(c) Orhedral/ +ow bar () 7717urcasee .;y.sfem

(<) 7omw bar

Figure 4.~ Glider tow Systems employing a single towline,

W
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(b) Yaw angle.
Figure 5.- Typical records of lateral motions as obtained from motion-
picture records of tow tests of the glider model.
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Figure 6,- Correlation of the period and the reciprocal of the time to damp
to one-half amplitude of the lateral oscillations of the glider model as

obtained from tests and theory.

each part.)

(See table II for complete conditions of
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Theory Tests
S - Stable oscillation
Long perlod e U - Unstable oscillation
Short period —_——— [m] E < Neutrally stable
oscillation
D - Divergence
10
? \
g \
g 6 \
o i ~
;
7] 2
I, _Bl_lo_
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Figure 7.- Correlation of the period and the reciprocal of the time to damp
to one-half amplitude of the lateral oscillations of the glider model at
zero towline length as obtained from theory and tests for various values
of -C3 g* (For other conditions see table II,}
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e Tunnel T sin ¢
gcreen

X —if

T CO8 € = L

\ M
Wind direction X M
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(a) Steady flight condition; € =0,y =0,

g = vfeat + V vat .
-vJ‘(a +¥) 8t

(b) Bidewise displacerhent.

——"‘\’ —— Tunnsl screen  —ge

*'A 1 cose T cose {1 cos ¢

Rear view
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T »
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(e¢) Yaw,

Figure 8.~ Sketch showing the relationships usad in obta.ining the towline
derivatives. -
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