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STABILITY OF A BODY STABILIZED BY FINS
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By W. H. Phillips

SUMMARY

A theoretical investigation has been made of the
oscillations performed by suspended bodies of the type
commonly used for trailing airspeed heads and similar
towed devices, The primary purpose of the investiga-
tion was to design an instrument that will remain stable
as it is drawn up to a support underneath an airplane
without attention on the part of the pilot. Flight
tests of a model airspeed head were made to supplement
the theoretical study. Unstable oscillations of the

‘body at short cable lengths were predicted by the theory,

but the rate of increase of amplitude of these oscilla-
tions was very small. In flight tests, more violent
types of instability were believed to be caused by
unsteady or nonuniform air flow in the region where the
cable was lowsred from the airplane. No practical
method was found to provide large damping of the oscil-
lations at short cable lengths, but the degres of
stability present in a suitably designed suspended
body was shown to be satisfactory if the body was
lowered into a uniform air stream.

INTRODUCTION

Suspended devices that consist of heavy streamline:.
bodies stabilized by fins have been used in the past
for various purposes. A frequent application of this
type of device 1s the suspended airsveed head used for
the accurate measurement of airplane speed (reference 1).
Certain difficulties have been encountered in the use of

. these instrumesnts because of unstable oscillations of

the cable and suspended body. One common type of
instabllity has been a tendency of the instrument to
swing violently back and forth and from side to side as
it was drawn up close to the airplane. Because of this
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tendency, these instruments need considerable attentlon

"

L
in handling and usually reguire the servicss of 4 person
other than the pilot. Another type of instability has
been an oscillation of the body and whipping action of
the cable when the body was being towed at the full
length of the ecable. This motlon has occurred only
when the instrument was lowered from certain airplanes.

The present investigation was undertaken in an
effort to develop a type of trailing airspeed head that
could be lowered Irom and drawn up to a support under-
neath the airplane without close attention. This
requirement necessitates that unstable oscillations of
the Instrument be avoided at any cable length.

A study of both lateral and longltudinal oscilla-
tions of the body and cable system was made 1in refer-
ence 2. This study was based on thes assumption that
the damping of the motion due to air forces on the
cable could be neglected. The present investigation
shows that this assumption leads to erronsous conclusions
with regard to the boundaries of stabillity.

SYMBOLS
m - mass cof towed body
N lateral displacement
Cy coefficiant of side force on vertical tail
Ve lateral displacement of cable elemsnt
Vi angle of yaw
N yawing moment
g angle of sideslip
v forward velocity
Z tail length

Y lateral force

€ moment of insrtia about vertical axis
N | dhg

a slope of tail 1ift curve (negative)

ag
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vertical-tail area

air density

vertical distance between airplane and body
vertical distance

acceleration of gravity

effective drag; also, operator indicating differentia-

=5

tion with respect to time (E-

nondimensional opsrator (DT)
drag of body
total cable drag

Dy

drag coefficient of body i
Ly2g

equivalent drag coefficient of cabhle

; x
E-f‘”gz / cdg 7 d(;é)‘!
0

effective drag coefficient (CDb - CDQ)
horizontal distance between airplane and body

drag coefficient of cable per unift wvertical
) cable drag
hesight

%Vzwcz

/v2
Froude number -—
\&?

. : - m
relative-density coefficient (

)

£31
ratlo of tail length to vertical distance below

airplane (1/7%)

’ ; 2
moment-of-inertia factor (k/1)
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k radius of gyration
v time
q ; I
I time unit e
5VS
a,b,c,d,8 coofficients of quartie
We cable diameter
il angle of cable with horizontal
K fraction of cable side force applied to bod
P
e side force on hody
T side force on cable
12 period of oscillation
Nl/° number of cycles to cdamp to one-half
- amplitude

v = l S.X

i m Op
v = 1oy

Y  m Oy

1 0¥

Y oi= =

N 11 5;
v. = X oY

¥ T om oW
M. = 1l ol

Y
T‘J’ - :l._ é]\]
o A Y

A dot over a symbol indicates the first dsrivative
of the quantity with respect to time t and two dots
a symbol indicates the second derivative.

THEORWTICAL INVHESTIGATION

Because of the axial symmetry of a trailing airspeed
head, its longitudinal and latsral motions occur
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independently. These types of motion may, therefore,
be treated separately. The lateral motion of the
instrument will be analyzed in considerable detail
because this mode of motion is theoretically most
likely to become unstable.

Lateral Oscillations

Mathematical treatment is possible only for the
case of small oscillations, for which the forces acting
on the body vary linearly with the displacemsnts and
angular velocities. The instrument will swing from
side to side like a pendulum but, for small amplitudes,
its motion may be considered to take place in a hori-
zontal plane. A restoring force depending on the
cable length under consideration will be assumed to act
through the pivot point.

The subsequent analysis indicates that the drag
force on the cabls and body has an important influence
on the damping of the oscillations. In practice,
almost all the drag acts on the cable. For purposes
of analysis, however, an effective drag force due to
the cable will be assumsd to act on the body at its
center of gravity. The relation between this effective
drag force and the characteristics of the cable will
be discussed later.

The notation used in considering the lateral motion
is shown in figure 1. The equations of motion with
respect to a fixed system of axes are as follows:

. oY dY oY oY

my - @ =BV = — -V = =0
R A

TN %% - %% = 0

£-v=¢

In order to simplify the notation, let D = é%

and define the stability derivatives
oY
<p
ON
3F

}.<
@
I
al~ Bl
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and define the other derivatlives simllarly. These

equations may be selvedi by ths usual procedurs of '
setting the determinant of the cosfficients equal to

ZE8T0. This determinant may be expanded to give the

quartic

aDp4 + bDS + cD® + dD + e = O (1)
where
g, &= il
b = ~Nj = EE = Yo
W T Vi
Y({ N{’;
c = Wg - Yy + =7 Nj + Y3y - =+ ¥

& = <ilp

In order to find the nature of the motion from
equation (1), it is necessary to evaluate ths stability
derivatives in terms of the dimsnsions and aerodynamic
characteristics of the instrument. In setting up a
simplified form for the stability equation, it 1is
sufficiently accurate to assume that aerodynamic forces
other than drag forces will act only on the vertical

fin of the instrument. The derivation of the expression
Tor YS 1s given as an example:
. oY
=0 30
- galy2
= ﬁazv o)
where
. dC+
dg
oY L. 2
.._.__a'—v
S 2" -
v, - 192
i m cp
()
aEvV=s '
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The other aerodynamic derivatives may be determined in

a similar manner. Only the derivatives related to the
forces exerted by the cable require special consideration.
The Y-force caussd by a lateral displacement of the body
is found by assuming that the body and cable system,

when viewed from the front, deflects as a simple

pendulum (fig. 2). The restoring force due to a small
deflection y of the body suspended a vertical dis-

tance Z below the airplane is

- ey
= Z
oY m
dF ~ 7

_ 1 oY

v a sy

e o )

7

The derivative Yy 1is found from the drag force
acting on the body and cable. A drag force acting on
the body will have a component of side force as shown
in figure 3. Thus

Y = Dyp(E + V)
_ Du¥
Ty
g -
-cDbgvs\I}
oY _ p
2L = ¢n, Lvs (2)
oy Do 2

The component of side foree due to the body is

L0
Yy T m 6§
%

= Cpp —

Inasmuch as the drag of the cable ordinarily far
exceeds the drag of the body, the value of the deriva-

tive Y} will be prineipally determined by the cabls
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drag The method of calculating an equivalent drag
coefficient Cp, to take into account the sffect of the
cable is given in the appendix. The derivative Yj
is then given as follows:

\ BVS
(CDb A CDC} o

£ys

Cp m

1

w

i

The value of the coefficilent CDC may be determined as

a function of the ratia of horizontal length to height
of the cable X/Z from figure 4.

All the aerodynamic dsrivatives have bsen evaluated
in terms of the dimensions of the body and cable system.
In order to reduce ths number cf wvariables, it is con-
venient to express these derivatives in terms of non-
dimensional ratios of the quantities involved, which are
given as follows:

Froude number, ve

41 =

Relative-density coefficlent,
S ke o
Est..

~

Ratio of tail length to vertical distance of body bslow
point of Support,

b
R =7

Moment-of-inertia factor,

C1
m
%VS
WWhen the derivatives are expressed in terms of these

variables, the stability guartic becomes

aDt &+ bBE® 4o oD'E 48D & Bl =0 (

Time is expressed in terms of ths time unit T = -

G
S~
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where

and
a
b
c
a
e

1

t

auCp
Cl " C]_P

F

-

The stability of the towed airspeed head may be
determined by substituting numerical values in the

formulas for the coefficisnts and factoring the quartic.

The two quadratic factors determine the period and

damping of two modes of oscillation.

factor yislds values of the reriod and damping very

close to those obtained with a simple pendulum having
a length equal to the vertical distance of the towed

body below the airplane and damping esqual to that
supplied by the drag force. The other quadratic

factor gives an oscillation that has values of period
and damping very close to those of the body rotating

as a weather vane about a vertical axis through its

center of gravity.

The weather-vane oscillation

generally has a short period and is always rapidly

damped. The damping of the pendulum oscillation is,

however, very slow at short cable lengths, because
the cable drag is small.

The coupling between the two modes of oscillation
introduces the possibility of instability of the pendulum

ogeillation. In order to find the conditions for
instability, the coefficients of the quartlic may be
substituted in Routh's discriminant, which states that
the motion will be stable if the coefficisnts satisfy

the relation

2

(be - ad)d --bTe. >0

One quadratic

9

(4)
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When the values of the coefficlents (equation (3))
re substituted in formula (4), Routh's discriminant
becomes

3.2 2 2
Cpu™R apuRC aCnuR RC ap~R
N <}532 2 _2___%>+ & <} o e S e R

a ‘

o F 01 % Cq 6y 1

2
2w0pR o o, 2.\ _ 8uCp a0y  aplp

I 3/ c1Z2 092 oq

2 5

_ aCD CD S 0

9 O

The sxpression is given in this form merely for the sake
of completeness. In practice, a great simplification
may be made, with negligible loss of accuracy, by neg-

. aC . _—
lecting the small term -~ ~?? in cogfflcient' e,”"Hopr~-

mula (2&). The simplified form of the discriminant is

/

L <Boaty & L pr o
= 2 Cpt oh) it (CD a £
S 2aCp 1

3 Ci1 . Cq

g ' : ' a .
The minus sign before the expression Cp - a = o gives
one condition for stability
F
< Js

i 7 (5)
—aé =+ 'é—i

and the plus sign before the same expression gives
another condition for stability

F C1(Cp - a)
Rp > -aCD (6)

Boundaries of stability are plotted in figure 5. It is
seen that below a certain small value of the param-
eter F/Ru, glven by formula (5), the motion is stable
for all values of the drag coefficient. As F/Ru 1is
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increased above this value, the motion 1s unstable until
the boundary of stability given by formula (6) is reached.
The motion then becomes stable again at all higher values
of F/Ru.

Examples have been worked out from the general
boundaries of stabllity (fig. 5) to show the variation
of stability of an actual airspeed head as the cable
length is changed. The characteristics of the airspeed
head and cable used in the calculations are as follows:

ERRLEE s e nss ovs saessesasssssBamd sl s wEE =k ST
B8 TO0E coenvcnavsssssessrsensshbineSnie s st 0.45
PR HATEe £OOT cunseasnevnisonimialtniile s n R nEiEe 0425
BRIEOOT snssstcrsccrsocsnnesanshuminppinssdssnnnsm SESERS
Aspect ratlo ceisieececscerssierarscassscsssanansen 2.25 |

a’ per I‘adian ® 9 0 9 0 6 0 0 6 0 4 ¢ C PV OSSN DT S PP e e N -2.10 ‘
Cl ® 0 8 2 0 4 0 0 L P S S S P L TS SO e BSOS e 00855

Vo Ineh . oievevscovenacnscscnsann s Siigin els > hatieha s om Dad%5

Calile walght, pound por FOOt sesssshsliesediensatn NOROS
p’ Slug per C".l‘bic foot ® € 9 6 0 0 4 B0 0 T L LSS 0‘00258

The cable length is plotted against the effective
drag coefficient Cp = Cp, + CDC in figure 6. The

me thod for determining this curve is given in the appendix.
The boundaries of stability for this particular case are
plotted in the same figure in order that the region of
instability may be found. As the body is lowered from

the airplane, it will be stable for a very short distance
and will then become unstable until the upper boundary

of stability is reached. The upper boundary of stability
occurs when the body is 2.8 feet below the point of support
at an airspeed of 200 feet per second, or 6.3 feet below

at 100 feet per second. For all greater cable lengths,
the body will be stable. When the body is drawn up to

the airplane, it will again pass through the unstable
region.

The period and degree of damping of the oscillation
at various cable lengths for the airspeed head having the
characteristics previously given have been calculated
by substituting numerical values in formula (3) and are
glven in the following table for an airspeed of 100 feet
per second:
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! Distance below Pendulum Weather-vane
airplane, oscillation oscillation
Z

(£E) 12 ; & N
(sec) N (sec) M}/%,
4,0 2 23.4 to double amplitude| 1.08 ol
643 2.86 ®» (nsutrally stable) LT 40
10.0 Srerol 20.0 toone -half amplitude| 1.06| 4.28
2080 4.95 4.95 toone-half amplitude| 1.07| 4.34

)

From these calculations it is seen that the damping or rate
of divergence of the pendulum oscillation is very small

for cable lengths some distance on either side of the
stability boundary. For the longest cable length, how=-
ever, the oscillation damps to one-half amplltude falrly
rapidly.

he boundaries of stability determined theoretically
are in good gualitative agreement with the observed
behavior of the NACA trailing airspeed head. Actually,
there is no sharply defined boundary of stability because
the oscillation 18 only slightly damped after the body
hes been lowered some distance into the stable region.
As will be explained later, disturbing influsnces not
taken into account in the theory may cavse an unstable
oscillation of the body when it would theoretically
have a slizhtly damped oscillation.

The boundariss of stability shown in figure 5 indicate
that, when the drag coefficient is zero, the body will be
unstable at 2ll values af ceble length grudter than that
corresponding to the lower stability boundary. For very
small values of the drag coefficient, such as would be
obtained by neglecting the cable dra the theory
indicates that the body will be unstuble over - a large
range of values' of the cable length. The results of
reference 2, in which the ddmpinx gffect-of Bly . .forces
on the cable is neglected, are therefore believed to be
in error,

Investigation of Modificatlons to Improve Stability

In order to investigate the changes that might be
made to improve the stability of a conventional type of
airspeed head, it is convenient to express the condition
for stability (formula (6)) in the following form, where
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the nondimensional expressions have been removed by
substituting the dimensional gquantities that they
replace:

1 ¥2/12 xR /1°
mg — =6 — V<8
Z 2

where k is the radius of gyration about an axis
through the pivot peint and D 1is the effeckive drag

5

obtained by multiplying Cp = ch + CDb by 1§V25.

The curves of flgure 5 show that the region of
instability for a conventional type of towed body can
never be entirely eliminated, The follewing changes
would tend to restrict the unstable rsgion to a region
closer to the airplane:

(a) Deersase in weight mg
(b) 1Inecrease in drag
(c) 1Increase in area and aspect ratio of fin

(d) Deerease in ratio of radius of gyration to
tail length k/1

The first two changes are impractical because they
Interfere with the usefulness of the instrument as an
airspeed measuring devies, The second two changes,
howsvsy, provide practical methods of improvement, For
example, the greatest distanee belew the airplane at
which unstable oscillations ecour in the example
previously given ceuld be decreased from 6.3 feet to

4.2 feet by doubling the tail length witheut inereasing
the radius of gyration. Thils change could be acecomplished
by mounting a light set of fins en a beom behind the
instrument, Formula (7) indicates that increasing the
speed will restrict the unstabls region to shorter cable
lengths, Once the escillation becomes unstable, howsver,
it will probably increass {n amplitude faster at higher
airapeeds, It may be advantageous, therefore, to raise
and lower the bedy at lew flying spseds.

The use of special deviees teo impreve ths stability
will now be considered. It has been feund by the writer
that ths two modes of oscillation given by a quartie
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will demp to one-half amplitude in the same time 1f the
coefficients satisfy the relation

3
e DB e
- g -

Such a condition will give the optimum use of damping

in the system.  Through examination of the cosfficients
of the quartic, formula (1), it is found that this
relation may be satisfied by greatly increasing the
damping in yaw ©Nj, or by reducing the directional
stability Ng almost to Zero. Physically, a condition
ls thus reacﬁed at which the body remains approximately
parallel to the average direction of flight as it swings
from side to side instead of turning into the relative
wind. Forces are thereby brought into play to damp

out the pendulum osclllation.

The forsgoing method of obtaining stability may
also be explained in terms of the stability boundaries
plotted in fisure 5., In the small stable region balow
the lower pouvndary of stability, the pendulum oscil-
lation is damped out by the meoh nism just described.

By recueing the dire ctional stability and increasing
the damping in yaw, the lower boundary of stability is
raised to higher values of F/Rp. It is theoretically
possible, by using spegial devices that arbitrarily
increase the damping in yaw or reduce the directional
stability, to raise this stability boundary so that

the unstable region is elexnated. It will be noted
that this method of improving stability 1s different

in principle ‘from the one described _ollowing for-

mula (7% The method bassd on formula (7) consisted
in extending the stable region by lowering the upper
boundary of stability. The method now being considered

consists in raising the lower stabillty boundary.

I't ‘has” been found lmpossible, in practice, to
reduce ths dirsctional stability of a convsntional
towed body to the extremely small value required..

The body of the instrument is generally unstable and
soms fin area is required to give neutral directional
stability. Any small change in the characteristics
of the body dus to Reynolds number or due to small
changes 1In shaps would be sufficient to make it sither
directionally unstable or too stable to obtain damping
by virtue of 1ts low directional stabillty. Ty
alternative, greatly increasing the damping in yaw,
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might be accomplished by operating the rudder of the
instrument by means of a gyroscopic element to cause

the rudder to deflect an amount proportional to the
yawing velocity. The complication introduced by such

a mechanism would probably make the method impracticable.

Another method of increasing the damping in yaw
and at the same time reducing the directional stability
is to use two fins, one at the front and one at the rear
of the body. Calculations show that the directional
stability must be reduced to a very small value (approxi-
mately 4 percent of the stability contributed by the
rear fin) in order to avoid the unstable oscillations.
A moderate decrease in directional stability, even when
combined with a damping in yaw of 20 times that for a
conventional body, will not avoid the unstable oscilla-
tions. If the required small directional stability
could be obtained, any slight misalinement of the front
and rear fins would cause the body to trim at a high
1ift coefficient. This condition would cause the body
to fly out to one side and would also make it undesirable
as an airspeed measuring device.

Longitudinal Oscillations

The longitudinal motion of a towed body has been
treated theoretically in reference 2. This analysis
neglected the damping of the motion contributed by air
forces on the cable. The boundaries of stability
calculated in reference 2 are therefore believed to be
unconservative.

In practice, the fore-and-aft pendulum motion of
the body has never been observed to become unstable at
long cable lengths. It is noted that the effect of
the cable could be taken into account as an equivalent
drag coefficient, as it was for the lateral oscillations.
If a value of drag coefficient of the correct order of
magnitude is substituted in the relations presented in
reference 2, the pendulum oscillations may be shown to
be well damped at long cable lengths.

At short cable lengths and moderate speeds, the
body hangs approximately vertically below the point
of support; therefore,very little coupling exists
betwesn fore-and-arft movement of the body and pitching
motion. The oscillation is simply a pendulum motion
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with damping supplied by ths cable drag. Inasmuch as
this cable drag is small at short cable lengths, the
oscillation, though theoretically stable, is slowly
damped and may bascome unstable if disturbing influences
are present.

The analysis of reference 2 shows that other modes
of longitudinal oscillation involving bowing of the cable
and pitching of the body eare theoretically possible, but
such oscillations have never been observed in practice.
It is believed that the drag on the cable prevents these
oscillations from becoming unstable.

TXPHERIMIENTAL INVESTIGATION

A 4
FPlight tests wers made of an approximately 5—scale

model about:dynamically- gimilay to the-Na€a trailing:
airspeed head suspendsd from & Stinson SR-84 airnlane.

A drawing of the model 1s shown in figure 7. In Ordsr
to simulete pulling the head up to a support under the
airplane, the cord was run through an eyelet on the cabin
STepPs.

The instrumsnt was stable when towed on ths end of
a T75-foot cabls at spseds betwesn 80 and 150 miles per

hout. Lateral and fore-and-aft oscillations damped out
in a smell number of cycless., It should be noted that

the corresponding cable lengths on a full-scale towed
airspeed head, twice the size of the one tested, would
be twice as great. The corresvonding spesds would be
V§' times as great in order_to maintain the same value
of the Froude number F = ve/gl.

When the model was drawn up to about 3 feet from
the airplane, it was sufficiently stable at 80 miles per
hour. Unstable oscillations did not start while the

body was left in this position for about a minute. This
behavior does not necessarily indicate that the oscilla=-
tions would have damped cut once they had started. The

theory shows that a large number of oscillations is

required to double amplitude; the body might, therefore,

have to be towed for a considerable length of time

before oscillations would become noticeable. Unfortunately,
no means were available to start an oscillation.

As the spesd was increased, the motion became less
stable, until at 95 miles per hour increasing oscillations
occurred. 4s predicted by the theory, both the
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fore-and-aft and lateral oscillations had periods close
to the period of a simnle pendulum. The lateral and
fore-and-aft oscillations inevitably combined to cause
the instrument to travel in an elliptical orbit. The
direction of rotation was such that the instrument
swung back as it came closest to the fuselage. Proba-
bly the increased velocity near the fuselage fed energy
into the motion with each oscillation and caused a
greater rate of increase in the amplitude than would
have been predicted by the theory.

Several modifications of the model were tried in an
effort to improve the stability. Two modifications
appeared to improve the stability of the pendulum oscil-
lation at short cable lengths. One of these changes
consisted in shifting the pivot point rearward 1/2 inch,
and the other consisted in equipping the model with a
hinged rudder with weight behind the hinge line and
viscous damping. These changes prevented the oscilla-
tion from appearing spontaneously as the speed was
gradually increased from 80 to 140 miles per hour. A
theoretical study indicates that these changes should
have only secondary effects on stability. These tests
are not considered to be a conclusive demonstration of
the stability of the body because it is not known whether
o0scillations would have damped out once they were started.

Various other modifications that were tried resulted
in unstable short-period oscillations of the body. These
tests were made at a speed of 80 miles per hour. A
forward shift of the pivot point caused a pitching oscil-
lation. This motion was believed to be the result of
elasticity of the cable and mass unbalance of the body
and was similar in nature to flutter. A freely hinged
rudder with weight behind the hinge line caused a short-
period yawing oscillation. The use of an asymetrical
vertical fin, extending only below the body, caused a
short-period rocking motion of the body.

Another type of instability has been encountered on
a few occasions when the full-size NACA airspeed head
was lowered at the full length of the cable (approxi-
mately 200 ft). In one case in which this motion was
observed, the airspeed head was lowered from the door
of a twin-engine low-wing cabin monoplane. The head
was steady at speeds below 150 miles per hour, but at
this speed oscillations of about 3-foot wave length din
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the cable originated at the airplane and traveled dcwn
to the body. As the sveed was increased to 165 miles
psv hour, the oscillations became very violent and
caused a pitching motion of the body. The whipping
action at the lower end of the cable eventually caused
it to break. A metal sphere was later towed from the
same airplanse and the oscillations occurred as before.
The oscillation was therefore not related to the aero-

dynamic characteristics of the body. It was belleved
to bs caused by the action of unsteady air flow from
ths wing-fuselage juncture on the tow cable. The same

airspeed head has been used without difficulty at muach
hicher speeds on other airplanes.

everal relatively light, large-size towed bodies
have Pbsen tested in flight. The pendulum oscillation
of these bodies has never been known to become unstable,
evern when the body was raised or lowered from the alr-
plane guite slowly. This behavior is in agreemsnt
with the theoretical prediction. These bodies have a
small valus of u compared with that of the towed
airspeed head; the unstable region at normal flying
speeds is therefore very small.

DISCUSSION OF RESULTS

The theoretical and experimental investigations
have shown that the psndulum motion of a towed body may
become unstable when the body is drawn up close to the

airplane. The thecry shows that the instability is
not ssrious because the amplituds of the oscillations
increases very slowly. The meximum cable length at

which unstable oscillations can occur may be reduced
by reduction of the ratio of radius of gyration to tail
length of ths body and by increase of the fin area and
aspect ratio.

More violent instability of the pendulum oscilla-
tion than would be predictéd by the thsory, as well as
other types of instability, may be introcduced by
unsteadiness or lack of uniformity of the air flow
in the regilon where the body is lowered from the air-
nlane. Inasmuch as no practical method has been fcund
to provide large damping of the pendulum oscillations
when the body is close to the airplane, it is desirable
to lower ths body from a point where it is not subjected
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to these disturbing influences. A suitable location
would probably be on the plane of symmetry of a twin-
engine airplane, or on the wing of a single-engine
alrplane at a point outside the slipstream. It also
appears desirable to lower and raise the body at low
flying speed, because the unstable oscillations then
increase in amplitude very slowly. If these precautions
are taken, it should bes possible to lower a towed body
without attention on the part of the pilot. The only
possibility for unstable oscillations to develop would
be if the body were left for long periods suspended
only a few feet below the airplane. Oscilllatiens of
the system at large cable lengths are rapidly damped
because of the cable drag.

CONCLUSIONS

l. A theoretical study of the motion of a suspended
body stabilized by fins showed that it had two modes of
lateral oscillation with the following characteristics:

(a) Weather-vane oscillation

The weather-vane mode of oscillation was
rapidly damped and had a period about equal to that
of the instrument oscillating as a weather vane about
a vertical axis through its center of gravity.

(b) Pendulum oscillation

The period of the pendulum mode of
oscillation was about the same as that of a simple
pendulum of length equal to the vertical distance
of the body below the airplane. The oscillation
was damped by the cable drag at large cable lengths
but was unstable at short cable lengths. The rate
of increase of amplitude in the unstable region was
very small. It was found that the unstable region
could be restricted to short cable lengths at normal
alrplane speeds by keeping the radius of gyration
of the body small and increasing the fin area,
aspect ratio, and tail length.

2. In flight tests, more violent instability of
the pendulum motion was encountered than would have
been expected from the theory and other types of
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instability occasionally occurred. These conditions
were attributed to the action of unsteady air flow on
the cable. It 1s believed thaet unsatisfactory behavior
cf a towed suspended body can be avoided by lowering and
raising the body at low flylng speeds from a point on
the airplane where the air flow 1s uniform.

Langley Memorial Aeronautical Laboratory,
National Advisory Committee for Asronautics,
Langley Field, Va,
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APPENDIX

DETERMINATION OF EQUIVALENT DRAG COEFFICIENT OF THE CABLS

The drag of each cable element of height dz 1is

dDg = cd e gvgdz

where cg, 1is the drag coefficient of the cable per unit
vertical height. The variatlon of this drag coefficient

with inclination of the cable has bsen obtained from the
data of reference 3 and is presented in figure 8. i % o
the assumption is made that the cable remains straight
when viewed from the front, each cable element has a
lateral velocity proportional to its distance below the

airplane. The side force acting on each cable element
is
A ve
ay, = dDC s
. Py 3k
CQCWC ) V7 dz

The total side force is

il
— o Bys z Z

This side force has been determined by graphical
integration for cables with various values of X/Z, the
ratio of horizontal length to height. The cable form
was assumed to be that of one-quarter of a sine wave,

as shown in figure 9(a). Although the shepe of the
actual cable may deviate somewhat from a sine curve,

the error in the calculated side force will be small.

The location of the resultant side force may also
be determined graphically as the center of gravity of
the area representing the side-force distribution. If
the inertia of the cable is neglected, the lateral force
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will be balanced by reactions on the body and on ths
point of support; the magnitude of the reactions will
depend on the p031tLon of the resultant side force on
the cable As shown by figure 9, most of the side
force on the cable is transmitted to the body. Let
the fraction of the total side force that is applied
to the body be K. The side force applied to the
body is then

Y, = KY,

0 8
= Kwg, 2Vy£ Cdg
‘ 0
d¥y !'—c‘/g °d, ;
L

ay S d

NS

(0%
N
s I
N

1

U)

LJIN
@&
mln

By comparison with formula (2), the quantity in brackets
may be substituted as an eou1valenb drag coefficient in
the formula for Y. he relations may be summarized
as follows:

<
e
1
g?
+
@
)
Q
b S
o
2l <
wn

where

o &
. N Kw,.2Z z " 2z

The value of Cp, may be determined from figure 4 for
cables of various values of the ratio X/%Z.

In order to determine the variation of OCp, with

cable length as the body is drawn up to the airplane, 1t
is necessary to know how the ratio X/Z changes with
cable length. Typical examples have bsen worked out
for two airspeeds for the airspeed head and cable
previously described. The shape of the cable was
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determined from considsration of the forces acting on
the cable elements, obtained from reference 3. The
cable shape for each speed is shown in figure 10. Any
point on the cable may be considered as a point of
suspension.  The variation of the ratio X/Z as the
cable is drawn in or let out may therefore be determined
graphically from this figure.
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Figure 1.- Top view of trailing airapeed head showing symbols
for the theory of lateral oscillations.

Plgure 2.- Pront view of trailing airspeed head.
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Fig. 3 NACA ARR No. L4D18

Figure 3.- Top view of trailing alrspeed head showing component
of side force due to drag.
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drag coefficient of cable.
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9.~ Graphical method for determining effective

determined from formula cD
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Area under curve (c) equals
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(2) Airspeed, 100 feet per second.
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Figure 10.- Cable shape for two values of alrspeed;for & body and

cable that have the characteristics used in the calculations.




