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EXPERTMENTAT, DETERMINATION OF THE LATERAL STABILITY OF A
GLIDER 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 parameters on the lateral-stebility characteristics of a
glider towed by & single towline. The investigation showed that it is
pogsible to obtaln inherent lateral stabllity wlth a single towline system.

An approximate theoretlcal analysis wae also made and the results of
calculations made by use of this analysis were compared with the model
flight-test results. Although the theoretlcal demping results are too
conservative to be of much practical value, the existence of dilvergences
end the perlods of the lateral oscillations are predicted with fair
accuracy .

INTRODUCTION

The Army and Navy have long been interested in towed gliders as a
means of transporting men, material, aserial targets or guided missiles.
One of the major problems comnected with the use of towed gliders has
been that of obtaining lateral stabillity 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-pilot fatigue
would be reduced on long flighte or under condlitions of poor visibility.
In addition, 1t would make feasible socme 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 malntenance problems. Glider-
position indicetors, as a visual ald to the pllot during blind-flying
conditions, have proved unsatisfactory. Various systems othsr than a
single line have been proposed. One such system consisting of twin
parallel towlines was studied 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 solutlon to the
towed-glider problem would be an inherently stable single-towline system.



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 theoretical_msthod devsloped to deger-

mine the lateral-stability characteristice of.& glider towed by a gingle
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 et the center of gravity and in which the Z-axis is in
the pleane of symmetry and perpendicular_to_theErelative 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 v 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/qSb)

angle of yaw, radians

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

angle of sideslip, radians
angle of bank, radlens

angle between Z-axls and projection of the towline on
the Y-Z plemne

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 (OL/d8)
rate of change of rolling moment with rolling velocity (dL/dp)
rate of change of rolling moment with yawing velocity (3L/dr)
rate of change of yawing moment with angle of sideslip (ON/3B)

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

vertical-tail area, square feet

time, seconds

mags density of air, slugs per cubic foot

dynamic pressure, pounds per square foot (%pvé)



NACA RM No. L8H23 .

gravitational acceleration, £t/sec> : _ ' .

relative-denslty factor L,

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

radius of gyration ebout X-axls, spans

radius of gyration sbout Z-axls, spans

radius of gyration about principal longitudinal axis, spans

radius of gyration ebout principal normal axis, spans -

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

angle of attack of principal longitudinal axie of alrplane;
positive when forwerd end of major: principsl axis is &bove
X-axis, mee figure 1 — .

distence 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

gldewlse 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 tension, pounds - 2 - .

lateral force, pounds _ ; =
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Oy

A, B, C,

rate of change of lateral-force coefficlent with angle of

3cy

sideslip, per radlan 55

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

rate of change of rolling-moment coefficient with rolling

angular veloclty factor -5%
57

rate of chenge of rolling-moment coefficlent with yawing

velocity factor (: :)
3k

rate of change of yawing-moment coefficlent with angle of

- [oCc,
sideslip, per radian (5[3—

rate of change of yawing-moment coefficlent with rolling

anguler velocity factor %%%

2y,
rate of change of yawing-moment coefficient with yawing

ac

n
engular velocity factor Srb

2v

E, ¥, G, H, I, J, X coefficients of the stabllity equation

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

imaginary portlon of complex root

real portion of complex root or a real root

Towline terms:

Y
J

Yy

g

rate of changs of the lateral force with sidewise displacemsnt

(3Y /oy)

rate of change of lateral force with angle of yaw (3Y/o¥)

rate of change of lateral force with angle of bank (3Y/d¢)
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rate oiachange of rolling momsnt with sldswise dlsplacement
(oL/3y)

rate of change of rolling moment with engle of yaw
(3L/0 %

rate of

rate of

change of rolling moment with angle of bank (JL/3¢)

change of yawing moment with gidewlse displacement

(N /3y)-

rate of

rate of

rate of
with

rate of
with

rate of
with

rate of
wlth

rate of
with

rate of
with

rate of
with

rate of
with

rate of
with

changs of yawing moment with angle of yaw (JN/dy)

change Qf'yawing moment with angle of bank (on/o¢)

change of lateral force caused by towline tension
sidewise displacement (aTy/By')

change of lateral force caused by towline tension
angle of yaw (3Ty V)

change of lateral force caused by towline tension
engle of bank (aTy/a¢)

change of yawing moment caused by towline tension
sldewise displacement (arn/ay')

change of yawlng moment caused by towline tension
angle of yaw (OTp /O¥)

change of yawing moment caused by towline tension
angle of bank n%BTn/B¢)

change of rolling moment caused by towline tension
gidewlse displacement (3T71/dy')

change of rolling moment caused by towline tension
angle of yaw (9T;/dV)

change of rolling moment caused by towline tension
engle of. roll (BIZ/B¢)
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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 end on tow In the tunnel ars
presented in figure 2.

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

sections. The stabillzing surfaces were constructed of'%—inch sheet
balsa.

The wings were mounted so that a rangs of geometric 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 with conventlonal control surfaces
actuated by a pilot through stendard 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 vertlcal bars, one located in the nose of
the model, the other at about the 60-percent statlon of the root chord
of the wing. The vertical position of the horizontal bar could be
varied and the towline attachment 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 temslon. Figure 4 shows some of
the more commonly used single-towline attachment systems. From a study
of these systems it 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 i1f the longitudinal trim is assumed not
to changse (as is approximately the case) during a disturbance.

The relative denslty up of the model was adJusted without changing
the moments of inertia by adding welghts at the model center of gravity.
Increasing the value of p I1n this manner decreased the radil of
gyration as shown in tebls I.
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METHOD . z

In the tests the alrspeed was held constent and the ‘trim angle of
the elevator was adjusted to obtain approximstely the desired angle of
attack and towline angle. The model was controlled by the pilot who,
in the case of stable tow configurations, supplied disturbances to start
an oscillation. In the case of unstable tow configurations, the pllot
steadied the model so that the oscillation could develop from the steady
state and then.could be stopped when sufficient records of the motion
had been obtained. During the osclllatlon the controls were fixed.

The motions of the model for the various test conditions were
recorded by two motion-picture cameras, onme mounted on top of the tunnel
directly above the glider model, the other at the rear oOf the tumnel
directly behind the model. In some instances 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 slde of the tunnel.

From the motion-picture records, plots were mede 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 cne-
half amplitude of the lateral oscillations were obtained. Some repre-
sentative flight records are presented in figures 5(a) and 5(b).

SCOPE

A 1liet of the conditions covered In the tests i1s presented in
table IT. It will be noted that the tow attachment polnits 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 stebllity 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 baslic condition for which the
values of these parsmeters were:

W = 0.465 1b ho=2.4
=y

b

; - o. 8

3 55

-E = -22

b 0-225

B

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

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

. Test results are available only for towline lemgthe up to 4 spans
because of the slze of the tunnel test section. Analysis of the towline
terms and calculations eXxtending the range of towline length indicate
that changing the length of the towline up to about 10 spans affects the
lateral-stability characteristice 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 parasmeters at the
shorter towline length can be expected to prevail.

TEEORETICAL CALCULATIONS

In addition to the experimental Investlgation 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 appéndix, calculations
were made for varlous combinations of towline length, effective dihedral
parameter CzB, directional stability parameter CnB’ relative-density

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

is given in tables I and II. Inasmuch as the product of Iinertia was
believed to be relatively unimporitaent 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 obtalned elther from
tests or from calculetions 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 engle of
attack a of 2° and a towline angle € of 259 .were used in the
calculations. - -

RESULTS AND DISCUSSIOR

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

The lateral-stability characteristics determined by the theory pre-
sented In the appendix indicate that the latera] motions of the glider
model genserally consist of two highly demped aperiodic modes and two
periodic modes, one usually having a perlod of approximately three times
the other. From the results of the calculations and tests 1t 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 conventional Dutch roll.

Wherever possible the lateral-stebility charascteristics 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 sldewlise displacement against
time (fig. 5(a)). The short-period mode appeared primarily as a
yawing oscillation end its characteristics were obtained from plots of
yew angle ageinst time (fig. 5(b)). In most cases it was difficult
to ascertain the period and demping of the shori-period oscillation .
because 1t was masked by the less heavlly demped long-period oscillation.

Although no systematic investigation was conducted to determine the
effect of towline angle on the lateral-stebility charecteristics of the
gllder model, dnalysis of the towline forces indicated 1ts importance.
Same exploratory teste were mede to verify this analysis and it was found
that, in genersl, for any attachment point in the range tested, increasing
the towline angle was stabilizing. During the tests an atbtempt was made
to hold the towline angle and angle of attack to one set of values

(e =25°, "a'=2°). Although these values of € and o werse not alvays

exactly obtained, it 1s believed that the slight variations of these
perameters do not invalidate the correlation of theoretical and test
results.

13
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CORRELATION OF CALCULATED AND EXPERIMENTAL RESULTS

The results of the experiments and analysis which are presemted in
table IT and figures 6 end 7 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 4), wes
responsible for the poor quantitative 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 virtually no effect on the results
for the basic condition (p = 2.4) but did change appreciably the damping
results of the higher relative-density condition (¢ = 10.0). Therefore,
with the exception of the relative-density variation, product-of-inertila
effects were ignored for these tests end calculations.

In yview 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 importance
of soms terms which were considered negligible to the first approximatia .

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 constent. Although the short-
period calculations are in good agreement with the tests, the long-

period results indicete increasing length of perlod with decreasing
effective dilhedral.

The experimental demping results indicate that -the long-perlod motion
is the predominant mode since the short-period motion was always very
heavily deamped. 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 results in a rspid 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 oscillatlon is the predominent
motion for all positive values of -Czﬁ._ The length of the period,

however, increases as the valus 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 negetive 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 damped et
lower effectlive dihedrals, These results also clearly indicate that the
long-period mcde is replaced by a divergence ag the value of —CZ is

B
increased from O to -0.0458.

Effect of GnB

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 oscillation increases gradually with reduction
in Cnsi At zero dlrectional stabillity the short-period motion which wes

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

large-amplitude short-period yawing oscillation. It was assumed that the
motion was unstable at small smplitudes and built up to a steady oscilla-
tion of larges amplitude. The rate of increase of amplitude could not be
measured, however, because tho oscillation was well developed by the tims
the trim conditions had been attalned and the short-period yawing motion
could not be stopped by the pilot to permit study of the motion at small
ampllitudes. The calculations show & marked decrease in the damping of

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

‘“the unstable oscillation which was found expsrimentally.

With increesse in the directional stabillity 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 Indication 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 u 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 paremeters 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 celculated 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 elther the long-period or the
short-period oscillations. The experimental results show & general
increase in demping of the long-pericd 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 stebllity to gradually
increasing instebility for the long-period oscillation. Including the
product-of-inertia terms in the calculatlons (table IT) improves the
agreement between deamping results of the tests and calculations at a
value of p of 10 but produces virtuaelly no change in the results at

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

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

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 & 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 available. The results show a decrease
in the instability of the long-psriod motion and a decrease in damping
of the short-period motion wlth increase in x. With increase in x,
the period of the long-period oscillation decreases at & 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). 1Increasing 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 2z of O.117
and that increasing or decreasing the horizontal distance reduced the
damping of the long-period mode. The calculations indicate, however,
that increasing 2z improves the stabllity 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 towllne lengths of 10 and 100 spans
although tests were not possible for these lengths. The long-period
damping continues to increase (table II) but at a much more gradual rate
than was found for the range tested.



b f, NACA RM No. L8H23

The calculated results show that increasing the towline length from
.1 to 100 span lengths has no appreciablée effect on the damping of the
short-period osciliation. . .

An increase iIn the towline length causes & gradual increasse 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-stebility characteristice of a glider
towed . by a single towline may be summarized as follows:

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

2. The stability theory presented in the present paper does not predict
the stability of the glider model with sufficlent accuracy to be of much
practical value. The calculated and experimental results are 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 basls for further study and the experimental
results should be useful for correlation with any Further theoretical work
which may be performed. . o . —_

Langley Aeronautical 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 serodynamic parameters were assumed to very 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:

av

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

dr

nmq? i mka-%£ + gng + é@Nr + BNB + towline derivatives (2)
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2 d m}; 4r , 11
mkx -2 VLP + QVLI‘ + BLg + tovline 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 doss 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 sbout 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 mcments with respect to the stabllity axes
and the gllder center of gravity:

(a) Lateral-force derivatives

Y_.¥
T 1
or
Y =-7 (%)
and |

% = - M%Bl - (cos € sin ¥')

but for relatively long towlines, however, ¥' =¥ then

¥y = -T( X S~ + cos e) (5)
where sin¥ ' =¥ and -
%:%sinﬁ#-sin-s sin ¢

Also for long towlines, @' = ¢ or : _

Yy - -T(% + sin e) : (6)

vhere sin ¢f = ¢.
(b) Yawing moment derivatives: _ _

Ny = -IX R ' (1)
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N\lr = -Tx(% + cos e) (8)

Ty - -Tx(-% + sl e) (9)
(¢) Rolling-moment derivatives:
Ly = -% (10)
L¢ = -Tg (% + cos e) (11)
= =T z in 12
I-¢ Z (z + 8 5 (12)
Dr
where T =-3Zf and
€ =

-1 /W -1
tan (__-D )

‘For zero towline length, the tow attachment point is Ffixed relative
to the tug and the towline btension always acts in the vertical plane of
the relative wind. Because of these limitations the glider is permitted
only three degrees of freedom and the towline .derivatives ¥, NSY , and T
normally resulting from sidewise displacement of the tow attachment
point do not exist. The remaining derivatives resulting from yaw and

roll gbout the tow attachment point become:
(a) Lateral-force derivatives:
Y, =-Tcose : (58)

__Y¢ = -T gin ¢ (68)

(v) Yawing-moment derivatives:

N\F = -Tx cos € (8a)
N¢ = -Tx sin € ’ (9a)

(¢) Rolling-moment derivatives:

L_‘F = -Tz cos € . (118)

L¢ = -Tz sin '€ _ (12a)
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Equations of motion, nondimensional form.- Substituting the towline
dorivatives in eqnations (1), (2], and (3) Tiolds the fallecion couatemns:
mgltf+mxrr-mg¢-sy,3-yry-m-¢x¢=o (13)

me” § - mixg §2 - By - BN, - gNg - yNy - VN, - gNg =0 (1b)
mkxegf-g-l;lp-mkxz%—ﬁ-;—‘%tm-ﬁz.ﬁijy-vI¢-¢I¢=o (15)

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

.v'=%

ke -
By = =
K = 2

y=vf(ﬂ +¥)dt = <§—%—‘V)b

iy .

it = v ) B

ag _

it~ P _

av _

it~ % : _

7 =8 -
- & )

D ds

where - : - -

vt

§ = -

Ui
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and

_v
d.s—bdt
D¢ _pb
2 ov
DY _ b
2 v

Then substituting these relatlionships and dividing equation (13)
by gsvab * yields the nondimensional equations:

<2uD3 - CYBD2 - Tyy,D> B+ (hu]ﬁ - 2Ty, D - eTny ;—g

+ (-EGW-D - 2Ty¢D> g-;‘; =0 (16)
<-an1>2 - n_y,D) B+ (lmKZ2D3 - chD2 - éTnvD - 2Tn_y,> ;‘-}-}
( ~lpK,D3 - cnPD2 2‘I‘n¢D> 2-o (17)

/ rb
<-c:z BD2 - sz,D> B+ (-MJKXZD3 - chDB - D - i )2v
+ <’+uKX2D3 - czpb2 - 2Tz¢D) g-;‘; =0 (18)
where the nondimensional forms of the towline derlvatives are:

Cp
ceo8 €

Crp
T = ~-=; Cp Dbelng

= O (Z
Tyilf— cT(Z +cose>

Ty¢ = —CT<% + 8in e)
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Byt yyn

?nw = —xTy¢ =
Tn¢=-x'£ny¢'

sz = _ZTyy' -

Tzw = -zTy*

T1¢ = -zTy¢

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: _ o
A = 32u3K,PRy" - 32n3Ky,?
0e 2 .c2 2.2 o 2
2, 2 2 | ' _
- 8Ky, - 8Ky o, _ |
e 2. 2 o, 2 2
¢ = -16u KZ2T1¢ - 164%K, To, - 16 K. K, Ty o+ 0 0y

2 2 2 2 2
- Buln Oy * WK 0y Oy 4 bRy Oy On 4 160Ky Cay + 164%Kxy, 0,

. 2
- 16u%Ry,T xzTny * W On Oy + 16K, ,° Ty o+ WEgOy Gy - 16 KgyTy
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E=

—
]

buC n T2 n,T1g * by n L“‘Cinz* - )-chern¢ + BuE,°Cy T,

¥ B_¢

+

2
B”KXCYB 1¥+1+p.KZC '+““Kxcnryr BpKXCnBTy\F

2
- C, T - c C C Cc - huc_C + uc., ¢
81.1KZ 7’5 y¢ Yﬁ nr Z + B P Z ng ZP ZB nP

B“Kzeczﬁcw 8uky,T. 7, ZB 8**sz0an - BuKxyTy ¢Cn

+

B”Ing Y + Wi, Ty 'Z *8“szcY 1¢+““sznpyy

-20, G T, +20,C_ T  -20 C T 4 2070C, T,
an7,¢ YDPZ YBIPnﬂr BZ ¢

C,C, T +C_ C Bp.CT +8C o +2C,C, T
. Zp yy, ZrTyyl ¢ zB n¢ B ZP Iy

2
ECnBCz T4 + eczﬁcnrmy g 2Cq Bc'in + Buky CYBTI%'

2

2 Cop -

1+CZ Can - ’+Cn CWT + ECDT 202 Can . - 2CY CZ n
B ¥ B y
+2c_C¢c T + 2C c T -2c, C, T
1 i1.n

-ucﬁBcWsz, + 4T 'CZBCW

J=X=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=2%b B
avVv
logeOos'b B
Tl = = L= : T -
= c v . i, _
2 : _
or
= -0.0693 b
?i 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, square feeb . . . v v ¢« ¢ v ¢ ¢ « o o o o o 6 o« o o o a0 102
Wing open, fE8t . v v v ¢ o 4 4o ¢ ¢ 4 s s o 5 s s 6 e 6 s s 0 s e e e . 2,50
Wing aspect TBELI0 « & 4 s v 4 o o s 4 & o s o s s a6 s o 6 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 charecteristics .
(A1l values obtained by meesurement)
Weight Relative-density
W factor *x kxp kz kZp kxz
a1 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 -.0143
Aerodynemic characteristilcs
%o Cr, Cp Cy Cp, C1 '
b | (ae) | (B (b) ) | (c}
aoy | 10 | o.57 | 0.110 | 0.161 | —0.0272 | —0.k9
5,0 12 .15 .150 .221 -.037h -9
8.0 1k .86 .168 .282 —. 076 -9
10,0 15 .92 175 .322 ~. 054k ~.k9
Vertical Area Cnﬁ Cyg Crpe
teil (percent S) (p) (b) (v)
0 0 -0,257k | =0.020
' 1 5.0 .0343 ~.4061 | ~-,0k0
ao TS 0572 C=JLh62 —.060
3. 10.0 .1087 —.5205°| —,082
Dihedral angle Cy
(deg) (bgi
-5 0.0458.
0 (o]
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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BTABILIYY INVESTIGATION OF A GILIUER TCRED BY A SINGIK TOVLINE
Conditions ey Tontn
) Omcillrtary mods Oned Liatory wols
Var— Vertioel Apariodia
lale | T it " x . 1 | Aroweet Taong perfod | Bk pardod | Apect- [ Tong perted | Sbert pariot
{dag) | (peroect {fom) ¥ T
8) 1 1 1 | mote 3 | o | 1 |t | (=)
P T ) 4 P
% } 3 % %
-5 25.8 ~0.93 |%.67| 0.682 0,92 | 1.667 ) —— aaoe | rere | wunn [ e | ————.
o (25,9 92 53 -0k | ool 2337 @ .0 | o001 |oBo]|.-—— | 28 11
5 5 2.4 o. o, ¥ g |Je6.2 1,90 |2,99 [—foz2 | 90| .52 3.50 33 [ 200 (-} 26 1
10 T = @ E"E n.;z 2. o | e | am 2,60 a6 95 1133 | ok 2
%10 gg 2.5 o8 (—0k2 ] , R e [N ISl IRecioiy O R
o | W .6 2.79 |eds | .1m| 87 | 088 3.7% s | 100 | = | 36 3
] .8 |-0.988| 1,885]--er [ v 951650 (@) | e | e | e [ e | BT i
Oy : B5,0 wmeul8,95 | Jh0h | 9k | 1.33% 1.60 R R
7.3 2.4 S8 -] (] 2.0 2
5 B6.3 -——|nm3| WeT| 98| B Lk e el LTI R P
0 - 3.8 {130 | A7) ok 1.2 @) | e | o | @ gk
g.gl Fg.g &1L :.; £ 116 g AR EICERERE
0 8 . . . . . - . - —— | —— g
oy 10 7.5 ok -358 i -3 b .8 26,3 f:".ﬁ 2.83] o 1 2.60 .& RN RER. 5 de
U‘°'°J Laﬁ.s 294 [1.98 |00 .3 -\ .60 . | wee | 28 2]
[bz.h] [ﬂ.ﬂ 26,3 25 263 o | Lam es0 | a5 | o3 |1 ok | e
5.0 11.0 —m- e L LT LT 2 20 | = [ - | 5
" 10 7.5 g=g 5 825 ¥ 9.3 0.k 3.6 ledhl-aol 1l ] comean | ol !,—; e | e T ra
. . - 5 ———- R iy (vl PPl . . R R
o [ 200 E.o 1.1 baa |g58|-ks | S0 | Loem 3.35 B0 | e | ae |26 8
210,0 ko | etk 1.1y |26 [—os7 | 18 | —6m il [N (U SN P -
o 1 fog.2 153 [has|-am [1a8 100 | = | === %o teata] -=en [ mere favons [ oorme
. 26.3 2,00 [3.12 1, . e | e | Mo tawtm] =mew | e | aneee | aneas
x 1] 7.5 2.k 1 L85 L] 2.8 a 2.9 (2,76 ::i% K _% ..... | B togts| e | mmm | mmee | meee
| B, %6.3 2. [2.63] o1 | B9 | ;1 2,60 A6 S |1 |2 2
033 [27.0 .17 % - | .86 | .am 2.96 AT | eaee | e | o8 g
e 0 1.3 (R K.} -7 5 N8 |426.7 2.2 [2.76 |~138 | .86 | 3.10 de | w0 |- |
LX" 2.3 ehs 63w | | am 260 | a6 | 9 no |es |
2] (26,0 3.87 1.8 460 | .86 | .25 200 | ~3 | & |~ |20 |2
1.7 — e |- [ — | — —- (o) | —cu | amem |05 2
Il e 2,2 3.19 fean |- [ o7 [ Lm0 860 | (&) | e |- s (g}
3 » 7.5 R4 8 i %8 ({63 277 fe.a |~280 | .83 | s 2,50 a0 | 8| im 1
o 2.3 ey feugy [ o | B | lm péo | 6 | w1 |o e
10 5.4 19 PS5 | 05| 90 | 385 | emeemc | —m-- (WO tewk@| —wr | = |eme- ——
IlDﬂ | 26,4 15 E-“ 103 | O | L | cmeeem | e Mo bowbn | - | = [eemmn | meee
fConditions for nll calolutious: o = 29, ¢ w 259, W
bFasic ooodition from vhich the persmwterp ware varied.

SInoluding produci-of-inartia terms,
~ from vigual chaarvetion.
O%aatrrally stable from visval chasrvation.
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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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Figure 2.-

(b) In flight.

The glider model used in the tow tests.
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Figure 3.- Sketch of the glider model.
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(o) Nose éow

7 Bridile

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

(<) 7o 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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TESTS : . THEOGRY
PERIOD Heasured From visual Basig¢ gondition from Product of inertis:
OF MODE ‘observation vhich the parameters neglected included
were varied
Long 0 [\ _ ® < }
Short o 4 ’ . -8 . L m—— A
§ 1 _ 3
- < hd > 0
“: 2 @i /O—Q\‘ o) 0] &
£ <
> ol _ml. O T——A—g\ L B — ) _a
Ay 0 -
“ 2
% 3-8 (. = 2 -3
8w [ T~ o - o
L3 o a1 o
151 oo e i 812
Bd- Unstable p Ve U'rstablo Ifnstazlo
8o F '
I 3 -
= 0 -.08 -16 .24 0 .04 .08 .12 o 4 8 12
Effective dihedral Directional stability Relative density
parameter, GZB, per paramcter, Gnﬁ, per factor 4
radian . radian
(a) (b) (c)
o .
g 4 :
K 2 HO :
Q [ SU JE ——d - —te —
-g = g -} D_D.+;
o o -

Reelprocal of time

Az l

3 m 3 E g

o = edof], \\‘

§ e M~ - —é ~

O - = — - . ~

8o ® - O  Stable{®

g 0 IS wa

gﬂ Unstable Unstable

¢ g‘ ~1 ; I .

o 0 o2 ok 6 0 .10 .20 .30 0 & 8§ 12
Horisontal tow attach- Vertical tow attach- Towline length
ment point location, x, nont point location, 2, spans
spans %, spans ' .

(@) (e) ~NACA- (£)

Figure 8.- 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. (See table II for complete conditions of
each part.)
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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
? \
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g 6 \
o i ~
;
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Dihedral effectiveness ‘\‘_N‘“Ac“‘eﬂj’
parameter, .GIB, per radian il

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 ein ¢
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\ M
Wind direction X M
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1z

(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

N
T »
o Bs

(e¢) Yaw,

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