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A steady-state mathematicnl model which computes spatial configuration
and tension along an orbiting towline has been developed, Numerical
results are in esgreement with existing flight test data, The model yields
multi-valued solutions under certain opercting conditions. Operations
vhich avoid these troublesome regimes have been developed. The model can
be used to optimize the performance of operational systems, For example,
numerical results are presented for TACAMO which show how the operation of
that system can be improved. There are conditions where the desired
verticality cannot be obtained with a standard constant diameter towline.
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the desired high verticality and a reduction of tension can be achieved
under such conditions by variation of the towline construction,
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SUMMARY

A steady-state mathematical model, which computes the spatiai configura- i
tion and tensaion along an orbiting towline, has veen deveoloped and is 3
described and presented herein. Numerical results are in agreement with }
existing flight test data. Parametric studies of the operational TACAMO II !
system indicate that very high verticality, of the order of 75 percent or P

- more, can always be achieved. Numericel results presented herein indicate |

that significant improvement in verticality, time on station, fuel economy,
and flight crew comfort can be achieved in the TACAMO systems by an optimiza-
tion based upon the mathematical model.

The model revoals the existence of multi-valued solutions (alternate
spatial configurations) under certain ope~ating conditions. Sudden tran-
sition from one steady-state configuration to another causes high transient
dynamic loads. Such sudden jumps were experienced experimentally in the
early flight tests of TACAMO II. Operations to circumvent these potentially
‘troublesome regions have been developed, based upon numerical resuits of
the mathematical model. The potential for achieving increased verticality
by usage of special towlines with lower dynamic drag coefficient are discussed.
A full scale inotrumented, flight test program to verify the steady-state
model and the development of a transient model in accordance with criteria
presented hezein are recommended.
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I. INTRODUCTION SR .

Renewed interest has developed in the dynamice and the gpatial configura-.
tion of the long orbiting towline. This problem can be studied by construct-
ing a mathematical model which practically simulates the physical s{tuatien.
Studies have previously been made by various investigators (references (as),
(b), (¢), and (d)). Each study yielded its own mathematical model. Some were ,
overly simplified while the others were overly complicated. Moreover, i
these models are found to be in poor agreement with experiment or nct yet '
verified at all; a satisfactory mathematicel model has yet to be developed.

This report encompasses a critizal review of some of the existing
mattematical models, recommended criteria for mathematical models for the
long orbiting towline, and a presentation of a steady-state mathematical
model developed at NAVAIRDEVCEN. (Naval Air Development Center) under
reference (e).

I1. REVIEW OF PREVIOUS MATHEMATICAL MODELS

A literature review has revealed the results of several previous
investigations concerned with the mathematical analysis of orbiting tow- 3
( lines (references (a) (b) (c¢) and (d)). Each previous investigator devaloped 4
| a model. Goneraliv, these models can be classified i{n two categories, the !
| : steady-state and the transient. ’ steady-state model simulates a tow'ine
§ ' under steady-state motion. Under this condition, the dynamic end geometric
{

!
|

i parameters of the towline are independent of time except for either a

i constant speed translation at a constant altitude or a rigid body rotation
about an axis perpendicular to the earth's surface. Mathematical midels
to simulate situaticns other than steady-state motion will be referrved as

;g ;r:noient. These models have been reviewed and are discussed individually §

I elow.

ot T s et

R T SO

i A. Douglas Aircraft Company published a report in February 1957

; titled, ''Some Calculations on the Long Line Technique for Lowering Sonar
from Flying Aircraft" (reference @)). It is a steady-state orbiting towline
model. Even though the purpose of that work was different from the current
objective, the basic dynamics and the interest in equilibrium configurations
were the same. The aerodynamic force acting on the line is assumed to "L
follow the sine square law for an infinitely long cyclinder. Skin friction

in the direction of the relative velocity was not considered. The solution

for the equilibrium configuration of the cable was obtainzd through numerical
integration of the force equilibrium equations. Integration was commenced

from the tow object end. Since the mcdel is a steady state model; it requires

these assumptions:

T . .

1. No wind

2. Towplane flies a perfect circular pattern at a constant
attitude, and

3. No cable reel-in or reel-out.

1

;i
|
|
i
|
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in the formulation of the differential equation it is assumed that the caple
is inextensible but perfectly flexitle in bending.

B. In 1962, Grumman Aircraft Engineering Corporation (reference (h)) *
developed a mathematical model to determine the dynamic configuration of !
a long towline. Again, the purpose of that model was different from the

current interest. It was developed to study a long line orbit technique

for surface-to-air retrieval. This model can be used to acquire transient : |
towline configurations including the effects of wind. The following assump- ,
tions vere made in the mathematical formulation:

1. Aerodynamic forces acting cn the cable follow the sine square :
law with no skin friction present. :

2. The towline deforms elastically under tension but it cannot
be subjected to compression. Also, the towline is perfectly flexible in
bending.

3. At the upper end of the towline, motion is specified and
at the lower end a point mass is assumed.

Grumman's modal takes accovnt of the longitudinal elasticity of the towline.
Becsuse the longitudinal elastic wave speed is high (compared with the
lateral wave propagating along the cable) very small time increments

(0.001 sec.) are required between successive calculations. This makes ;
the computation time required to complete a realistic initial value
problei. prohibitively long, even with the aid of the electronic computer.
Therefore, primary results presented by Grumman were obtained through a
siwplified version of the model assuming that the towline does not stretch
with tension; it is longitudinally rigid. The inclusion of longitudinal B
flexibility is unwarranted unless the cable is subjected to rapid varia- i
tion of long!tudinal loading such as impact loads. For usual applications

the complexity is not justified by added accuracy. The mathematical tech-

nique used in constructing the physical problem is the lumped mass method.

Jn this analysis, the cable ic divided into a finite number of segments.

At the lower end of each segment, a concentrated mass and a projected area

equivaleunt to that of the segment is attached. These point masses are

assumed to be connected with massless straight lines. The number of the

straight line segments, N, which can be used to approximate a continuous

towline is severely limited since the number of simultaneous equations to

be solved is proportioned to N. The maximum number of segments used in

Grumman's calculations was fourteen. This model is considered to be in-

adequate for the purpose of the current study where accurate towline config-

uration is required.

C. Another very general, and complicated, mathematical model of the '
towline was reported by the Hayes International Corporation in 1967 i
(reference (c)). Hayes studied the complete maneuvering tow system, which

includes the tow plane and a target as well as the towline. The mathematical
technique used is the method of characteristics. in general, this mathe-

matical technique yields very accurate numerical results for problems of

the current type which involve hyperbolic differential equations. The

accuracy of the numerical solution could have been further enhanced 1if

center difference equations were used instead of the forward difference

2 |
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equations used in this model. As in most of the other models, the towline
is assumed to be inextensible, but perfectly flexible in bending. Solutions
of the equations of motion of the towplane and the target were used as
boundary conditions. These bounda:y conditions involved fourteen veriebles
at the target end and eleven variables ut the towplane end. It is believed
that such an approach, although theoretically more accurate, is unwarranted
in this problem. The added accuracy does not justify the greatly increased
complexity of numerical computations. Computation would be very much easier
1f simplified boundary conditions were specified. Since the towline exerts
only a secondary effect on the towplane, the motion of the aircraft may be
specified at one end, and an unpowered drogue of simple configurstion can

be used at the other end. Such a model would suffice for the study of the
steady-state long orbiting towline. Two cunditions which are considered to
be essential in the study of transient or unsteady towline dynamics were not
included in Hayes' mathematical model. They are:

1. Wind and wind shear
2. Towline reel rate

Apparently, Hayes encountered numerous difficulties {1 making their computer
program operational. Included in their report were numerical results from

a debugging run. 7Tt is believed that the model is not yet operational. It
was not at the time reference (c) was prepared.

D. As part of a study on an orbiting antenna for airborne VLF communi-
caticns, Cornell Aeronautical Laboratory (reference (d)) developed a model
to analyze the motion of an orbiting antenna cable. This model 1. also &
steady-state model. The aerodynamic force is assumed to follow the cross
flow principle, but the skin friction was assumed in the direction of the
cable rather than in the direction of the relative air flow. This assump-
tion is not in accordance with the cross flow principle as defined by
Hoerner (ref:rence (f)). It was also assumed that the cable i{s inextensible
but perfectiy flexible. The equilibrium configuration of the antemna is
established through integrating the dynamic equili{brium equation from the
lower cnd (drogue end). The dynamic equilibrium equetions are written in
cylindrical coordinates. In their numerical computations, Cornell neglected
skin friction. Their results are substantially different from results
obtained by the NAVAIRDEVCEN mathematical model, which will be described
in detail later, particularly in the region where multi-valued solutions
might exist.

ITII. CRITERIA FOR MATHEMATICAL MODELS

After critically reviewing these mathematical models, it can be
concluded that none of the existing models can be used for the current
study of the long orbiting towlines because they are either too simple
or too complicated in some respect, which is of no consequence to the
present interest. Therefore, the development of a new mathematical model,
which adequately simulates the dynamics and configuration of the orbiting
towline under various operating conditions, was undertaken. The metlod of

3
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{
characteristics is preferred to the lumped mass method because it generally ‘

gives more accurate numerical vesults.

Practicel mathematical models for the study of the dynamics and con-
figuration of the orbiting towline should satisfy the following criteria:

A. Criteria for the Steady-State Model:

1. It should be able to yield solutions giving tension and
geometric configuration along the entire towline for the following operating
conditions:

a. The towplane travels a straight and level path

b. The tow aircraft travels in a perfectly circular orbit
at a constant altitude. '

2. Acceptable Assumptions: |

a. Aerodynamic forces follow cross flow principle {skin
friction in the direction of the relative air flow)

b. Towline is inextensible but perfectly flexible

c. No wind and no wind shear present

d. No towline reel-in or resl-out motion !
e. Alr density varies with altitude as in a standard day.

3. Boundary Conditionm:

a. Towplane flies a straight line or a perfect circle at
constant altitude, v¢ith no towline being reeled in or out

b. Tow drogue is of simple nose or center of gravity tow
configuration; and it is not powered.

4. Formulation Should:

a. Admit numerical techniques which are of high degree of
accuracy.

b. Allow a computer program that can provide solutions for
many different operating conditions as well as for many different towline

systems in one computer run.

B. Criteria for the Transient Model:

1. It should be able to yleld time dependent solutions for
tension and geometric configuration along entire towline for the follow- i
ing operating conditions: g
4

P —
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a. The towplane enters into a circu’ ar orbit from steady-

state straight and level flight with the towline t:ing recied out.

b. The motions of the towplane chan es frou sisaiv crrcular
orbit to straight and level with the towline being reeled in.

c. The towplane undergoes a coordinated turn witn & ccratent
bank angle in an environment with non-uniform s’ '+ wind.

d. The towplane undergoes a conxrd. -' 4 rern with v+: sasdy,
non-uniform wind to indicate stability of mlti-vs 1 golations.

2. Acceptable Assumptions:

a. Aerodynamic forces follow cross flow principle (s!:icn
friction in the dilrection of the relative air flow).

b. Towline is inextensible but perfectlv flexible

3. Boundary Conditions:

a. Towplane velocity and reel speed are prascribe! ..»
functions of time with very low rate of change of aircreit acceis: ilons

b. Tow drogue is °f simple nose or center o' yrav.r. iow
configuration, and it is not powered.

4. Formulation should:

a. Admit numerical techniques which are inne cati 2-.curate,
thus permiting the initial value problem to be carried out repe. :aly for
many time intervals; the real time involved :» s transient :cric: wer» be
of the order of minutes.

b. Allow solution with a computer program thauv can
executed in a medium size computer with reasonable expenditui»s r
computer time,

5. Computer programming should have the following f 'xit '>:y:

a. Variable towline physical and serodynsmic prrpert’.

b. Variable air density as a function of density altit- -

c. Variable towline length between data points fo: bett-:
choice of time increment between successive calculations as well as

improving the accuracy of the solution.

d. Redistribution, addition or elimi{nation of data points
along the towiine

¢ g s
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IV. NAVAIRDEVCEN STEADY-STATE MA T MODEL _ ‘

In the study of the transient wotion of a towline the initial configura- !
tion must be given. Usually the motion of the towline system commences with ‘
a constant speed straight and level translation or a constant angular speed
rotation sbout an imaginary axis perpendicular ti the surface of the earth.

Since the constant speed straight and level translation is equivalent to

e rotation with constant tangential velocity about an axis at infinity,

a simple teady-state model which describas the steady-stote motion of the
tovliine orbiting around a vertical axis will provide the initial data for

any subsequent transient solutions. On this premise, a steady-state mathe-
matical mode!l which satisfied the current interest, and which will be referred
to as the NAVAIRDEVCEN model, has been developed and is described below.

A. Assumptions

Assumptions used in constructing the mathematical model include:
1. Towline is inextensible but perfectly flexible

2. Aerodynamic forces acting on the towline follow the cross-flow
principle as described in reference (f)

3. Towplane travels in a perfectly circular path at a constant
altitude with no towline pay-out or reel-in.

4. YNo wind and no wind shear present

S. Air density varies with altitude as in a standard day,

B. Formulation of Egquations

It 1is convenient to formulate the problem in cylindrical coordinates.
Figure 1 shows the towplane, the towline and the drogue in connection with
the assoclated coordinate system. The equation which governs the steady-
state configuration of the towline can be derived as follows by summing up
the forces, including the inertia force, acting on an element of the tcwlined§
and equating _the sum to zero:

_g‘ 5+ ;:m.,,.g,mmm force)as + E'; ( Gravitatonal

-l

Force)as v+ £ ( Iner?ra force) a5 =0 (1)
The asrodynamic force is expressed as foll. ws:

» d - - -

fa ="’?<’/‘4/‘4*”9?€/‘{// Yey (2)
where:

CD = Drag coefficient

€ = Air density

oyt
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->
V ‘Relative air velocity vector
(X y

-l
\Q = Component of the relative air velocity in the direction -
perpendicular to the towline f

d = Diameter of the towline
The first term in equation (2) is the dynamic drag acting on a unit length

of the towline. The direction of the force is perpendicular to the towline
wita a magnitude of Cp3 e /V/ The second term

represents the skin friction which i{s oriented in the direction of the rela-
tive air velocity. Since it is assumed that there is no wind

r; — _ oret)

Referring to nge\{re 1, it is clear that the following relati nships exist:
Fes,t) = R(s) é’g(s T) + 'P(S') *
K‘:,t) = J/né; +caJ9¢
é; ($t) = cos4 - Sinéi
where: @Qcct) = Q(5,0)+WT = 6() +wt

(wis the constant speed rigid vody rotation)

I e bbb B L gl jsme L L Lrwall o s sl T -

T R PV N L, _P——

therefore P
p (st
Ve —ﬁ——?’ 2 =-R()“(’ 2 --R(s)gg’jé,--ga)weo

The magnitude of Vkel is:
/%,e,/ = ~RCYW

Let .e.s denote a unit vector pbint:lng in the positive direction of ds.

=y IF(s,t) _ dRE) aeC:t) de(s) »
& = 55— = A7 S5 t)+ Res) A Z,T)i

Ris) g + k(s) YL (5,1 + ea)z
RCs) € +R(S) 8% + 275) Z

where prime is used to denote the fivst derivative of the corresponding
dependent variable with respect to s.

Then,

Bt s R W T~ 2l

P,

With this relationship, the component of the relative air velocity perpendicu-
lar to the relative wind can be written as:

Z = Zz/ ¢ V/ J)Q\‘
=- ,ea)we, =~ RDwkls) 6(.:)[ R CJ)Q’Q () &r:)g *ECJ)ZJ )

= RE&)w(ROIR()66) &+ (A6 ~RC)OLI2AE, /
7

L o G ST s T e
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Hence, the magnitude of V‘ioz

IV,) = peyl RO L0t % (1= D% ) BB

Since

S0 [0 07 2]

20s)’= /- o)~ R 81s)*
Consequently:

N.| = ew v/ 7= pecre €’
Subst'icuting the expressions for ke/, / / / vV / and _‘

orx:

in Eq.uation (2) yields

hw ol V/-Rzﬂ'! A’w‘[fﬁ@’eﬂ-(k‘a’z »E
+RO'2 ﬁ] 7/’5:2 (’k’w (3)
The gravitational force vector is simply:
5 4
fy = -m9 (4)
vhere /A- mass per unit length of the towline

g = gravitational acceleration

The ineritia force vector 1is:
= -/%Z = - U(-pls)d eg)
= ,aﬁw‘ek (£
Finally, the expressicn
o = 2T _ 2 [iied, +/7)06'S, + [7) 2]

Lee [F|oT

-gf,i-’ = (TR)'E 7008 +(rre)er TR(OIE-E) #(ra) T

=[cre)-rk6' )&+ [1re6")s 7R 8] 42 )R (&)
8

can be resolved into three components.
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Substituting Equations (3), (4), (5) and (6) in Equation (1) then
dividing by A8, results in 2. following three scalar equations:

(&)~ 7R6% o5 OV 1~ KRG kk’w?i/ew:: 7 (7

(R6") + TRG-7G & ppw™- o Z 0RW (1R YEms (2)

(72)°+ ¢ SoR%wr6’2' /-89 =0 %)
These ordinary differential equations can be solved by the finite

difference method, and the comp.ete solution of the towline can be .
obtained step by step starting from the drogue end. =

The appropriate difference equations written for two points, 1 and
2, a distance of 45 apart, can be put in the form:

TR-TR=(TREL Lo F T BRW G GR W) as (1)
p " = _— g™
k8- 48/ |- g S5 L TP a5 o0
y _ d gtz _R%5’
7272 '= (-2 (WG 1 as (/2)

Subscripts 1 and 2 are used to indicate the corresponding values at : _
point 1 and 2, respectively. Bars placed above the variables represent . i
the arithmetic average of the values of these variables at points 1 and
2, To be more specific, T; is the tension at point 1 and -

?_ 7','+7“

- Equations (10), 2(11), and (12) are good approximations for the original
differential equations provided 43 is small and the second and higher
order derfivatives of the dependent variables are small. Similar approxi-
mations give:

S Al o s o e e

R, = K »& 4§ . (/3)
2, =2 téas (/) ’
and 5
6= 6,+ 64S (15)
At point 2, one can write:
£+ R+ B =1 (/6)

If all the variables at point 1 are known. then the unknown variables
at roint 2 can be determined from equations (10) through (16). Since the {
syr.tem of eigebraic equations is highly non-linear, probably the easiest
way to solve them is by numerical iterations. Straight forward iteration
schemes employed can be found in Appendix I.

o et

SIS ., | s et
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The convergence of the iteration scheme is rather fast. 1In general,
it converges in two to three iterations. Boundary conditions at the
drogue end can be axpraessed as :

(R'),, = - mul(0)+

(TRO}.y = Fp
(T2%ny = M9-1/4
where:

= Mags of the drogue

Pg = Aerodyuamic side force acting on the drogue
fp = Aerodynamic drag force acting on the drogue
Py = Aerodynamic 1ift force acting on the drogue

The aerodynamic forces, Ps, Fp and FL, acting on the drogue are
functions of o | the angle of attack of the drogue, and p , the slide
slip angle. These angles, % and p , can be determined from moment
equations which require that under equilibrium the summation of moments
acting on the drogue about any axis be zero. Aerodynamic characteristics
for the conical drogue used in Appendix I computer runs are derived from
data presented in reference (g), with the drag coefficient taken to be
0.6.

C. Description of Computer Program

Numerical computations were performed in a CDC32C0 computer.
A listing of the computer program is given in Appendix Y. Primary data
inputs required are:

1. Towplane:

2. Towline: Mass per unit length, diameter, aerodynamic drag
coefficients and length.

Altitude, absolute speed and turn radius.

3. Drogue: Weight, base area and acfodynamic characteristics

To start the calculations, it is necessary to assume a vertical
separation between the drogue and the towplane and a turn radius of the
drogue. With the angular speed, w, given by the ratio of aircraft speed
divided by its turn radius, calculatfon can be continued from the drogue
end, step by step up to the aircraft end. Most likely either the calcu-
lated towplane turn radius or the calculated altitude, or both, are
different from those values given in the input data, i.e., the values
of the given problem to be solved. The differences betwsen the calcula-
ted towplane altitude ané turn radius and their corresponding values
given by the problems are used to choose new values for drogue altitude

10

. o

i PR e




Pap et
.

AT

iy e giomaping

S Sy
e L P P o By BT e s e - 4 ¢ 2

i

T = S A AP W e I i

NADC-AM- 6849

and turn radius to be used in the next round of computations. This process
of adjusting the drogue altitude and turn radius continues until both the
calculated altitude and the radius are very close to their corresponding
values given by the problem.

Finally, numerical results, R, Z, €, T, R', Z' and R' are printed at
selected points along the towline. A typical computer output is exhibited
in Appendix II.

D. Numerical Results for TACAMO System ,

Among the numerical results, those of particular interest for the
TACAMD system are the maximum tension at the tow point (towplane end of the
towed line) and the verticality of the line, i.e., the ratio of vertical
separation distance between the towplane and the drogue, expressed as a
peicentage to the total line length. Vertical separations versus towplane
turn radius for the TACAMD system under various operating configurations
are plotted in Figures 2, 3, and 4. Each curve represents vertical separa-
tions for various aircraft turn redius while all the other parcmeters are
kept constant.

Figure 2 reveals that the verticsl separations as well as the
towline tensions at the tow point are single valued for a specific operating
condition. The towplane orbiting velocity is relatively low (V = 150 knots).
As the towplane orbiting velocity increases, these values, vertical separa-
tion and tension, may become multi-valued, indicating that it is possible
for the towline to assume different steady-state configurations with the
towplane flying at exactly the same altitude, speed and turn radius. Which
steady-state configuration the towline will assurz depends on the stability
of the various configurations and the transient operating conditions of the
towline system prior to reaching the steady-state condition. Three important
questions are of interest in this respect:

1. Are these steady-state configurations stable?

2. Under what conditions will the towline move from one steady-
state configuration to another?

3. Will it jump from one extreme configuration to another without
assuming the intermediate equilibrium configuration?

These questions cannot be answered by the steady-state mathematical
model. A properly designed trangient model, however, may provide these
answers.

The existence of multi-valued configurations was apparently first
suggested by Cornell in reference (d). Since Cornell's model did not include
the effect of skin friction, their results should correspond to those shown
by dotted curves in Figure 2. It is clear that these dotted curwves are quite
different from the corresponding solid curves, which account for skin
frictions; particularly in the regions where the multi-valued solutions
are anticipated. Thus, neglect of skin friction extends the region of

11
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multi-valued configurations and increases the differences between the
alternate solutione. Differences in vertical separation and towline tension
are greater vithout skin friction.

Figure 3 shows the same type of curves for three different towline
lengths. The general shape of these curves is similar for the same velocity,
a smaller turn radius is required for a towline of shorter length,

Under the assumed standard atmospheric conditions air density
decreases us the altitude incresses. Higher vertical separation is there-
fore attained when the aircraft is flown at a higher altitude provided other
parsmeters are kapt the same. This effect ig shown in PFigure 4.

Some interesting characteristics of the multi-valued solutions
were observed vhen the space coordinates, R, 2, and 8, of the towline were
plotted along the entire towline in Figure 5. It is interesting to observe
that from configuration I, the lowest verticality, to configuration II,
intermediste verticality, the vertical separation and the angle 8 are increased,
while the radius i3 reduced for every point along the entire towline. However,
from configuration II to configuration III, the highest verticality, the
vertical separation is further increased and the radius is further reduced,
but the angle remains essentially constant. Determination of the exact signi-
ficance of these characteristics with respect to stability will require the
transient wodel.

E. Comparison with Flight Msasurements

A few experimental dota points acquired from flight test in 1963,
reference (g), were marked in Figures 2 and 3. They are in good agreement
with the numerical result obtained from the NAVAIRDEVCEN mathematical model.

Recent flight tests conducted by che NAVAIRDEVCEN have given additional
evidence that the towline tension at the tow point, as calculated ty the
mathewatical model, 1is essentially correct. Results of those tests are
compared with calculated data in Table I. Since the .bLjective of the recent
flight tests was not to verify the mathematical model, tension measurements
were made under conditions not precisely corresponding to the idoal steady-
state conditions assumed in the model. In a few instances, a range of tensions
was recorded. Therefore the comparison presented in Table I shoul” be evaluated
qual{tatively rather than quantitatively.

Althouzh the vertical separation as well as the tow point tengion
are essentially verified, no experimental determination of the towline con-
figuration between the aircraft and the drogue has been made. Therefore,

a well designed instrumented and controlled test program to accurately verify
the steady-state mathematical model should be conducted. The experimental
verification program should answer questions such as:

1. Is the assumed serodynamic force on the towline adequate?

2. Do mldti-valued solutions exist? What are the stability
characteristics of the multi-valued solution?

12
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F. Other rical ul

Towline systems with parameters other thar those of the TACAMD
system were studied for the purpose of obtaining information and knowledge
for the development of future systems. Numerous combinations wvere studied.
Some results of particular interest are exhibited graphically in Figures 6
through 10,

Figure 6 shows the influence of the magnitude of the coefficient
of dynamic drag, C,, ou vertical separation and towline tension. It is
clear that the same verticality can be obtained with a larger towplane turn
radius (lower bank angle) 1Z the towline has a smaller dynamic drag coefficient.
A lower drag towline also makes transition from low verticality to high ver-
ticality smoother and more gradual when the aircraft enters the orbit at a
reduced turn radius. The less severe transition minimizes the possibility
of a sudden change in the equilibrium altitude of the drogue which might
develop high dynamic load and cause tovwline breskage. One way to reduce
the coefficient of dynamic di ag is by weaving hairs into the towline.
According to the General Tire Corp., reference (h), such hairs reduce
cable drag to one half of that without the hairs.

If the towplane performance parameters (airspeed, altitude, and
turn radius, etc.) for a particular system have been optimized for maximum
towline verticality, additional increase in verticality may require reduc-
tion of towline coefficient of dynamic drag. Since towline drag coefficient
has a larger effect in the lower, higher curvature, portion of the towline, LN
it may be that low drag devices will be applied only in that portion of the
towline.

The effect of coefficient of skin friction drag on the vertical
separation, as a furction of towplane turn radius, is exhibited in Pigure 7.
This effect is very prominent in the region where verticality changes
abruptly with turn radius. A higher coefficient of skin friction results i
in higher towline tension, but makes a smoother variation of verticality i
with turn radius. Incidentally, the haired cable will provide higher skin :
friction than the one without the hair. The higher skin friction also helps

its final orbit.

The easiest way of eliminating the possibility at a sudden change h
of vertical separation for the current TACAMO system is to increase the

drogue weight. This effect is shown in Figure 8. Increasing the drogue
weight from 100 pounds to 300 pounds effectively removes the multi-valued
region. for the particular case. studied. It is believed that, due to the
increase in drogue mass, the magnitude of variation of drogue vertical
position under practical operating conditions may also be reduced.

Another way of eliminating the possibility of a sudden change ‘
of vertical separation for the current TACAMO system is the application 1
of a stepped diameter towline, such as that shown in FPigure 9. The upper :
third of this towline (0.210" diameter) (connected to the towplane) and y
the lower third (0.160" diameter) are made of existing cables used in

13
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current systems. The middle third is a new cible of 0,184" diameter. Calculated
vertical separations and towline tensions for the stepped towline and the
corresponding results for the existing 0,210" towline are shown in Pigure 10.

The stepped diameter towline offers the following potential advantages
over the existing 0.210" constant diameter towline:

e e e e e e e R~ - — )

1. No multi-valued solution exists in the operating region

2. Higher verticality in the low verticality region and no ;
reduction in verticelity in the high verticality region, :

e ?

i 3. Lower towline tension at the tow point (2180 pounds instead |
’-’ of 2840 pounds at 75 percent verticality). Because of the low towline |
trail angle at the towplane, this is a 640 pound reduction in tow drag. '

Changing the base area of the Crogue has little effect on the |
vertical separation, as shown in Figure 11, where the base area of the ;
drogue is varied from 3.68 to 7.07 square feet. !

Trends due to variations of towline diameter or towline weight g
per unit length, can be observed in Pigure 12, If, as the towline diameter
is increased, the mass per unit length is also increased in direct proportion ;
to the square of the dismeter, higher towline verticality is obtained and the
region of high verticality variation {s shifted to the right (largest turn
radius). However, the opposite {s true if, as the diameter of the towline s
is increased, the mass per unit length is kept constant. ‘ |

Tension at the tow point increases as the mass per unit length
of the towline increases. Tension remains essentially constant, however, if
mass per unit length of towline is kept constant as the diameter of the
towline varies.

G Discussion of Steady-State Solutions
1. Avoidsnce of Region of Multi-Valued Solution

The NAVAIRDEVCEN steady-stats mathematical model predicts that |
there are operating regions where multi-valued solutions exist, but the -
regions are not as wide and the differences in vertical separation for the
extrems solutions are not as great as those predicted by the Cornell model.

Until more information concerning the existence and the stability of alter-
n1ate configurations can be acquired, it is desirable to avoid operating a
towline system in these regions. This objective can be accomplished by the
following procedures:

a. JIncrease the weight of the drogue. For example, the TACAMO
drogue should be increased from 100 to 300 pounds. .

b. Before entering the orbit, keep the towplane speed as low '
as possible, using flaps if availsble. Gradually increase bank angle i

14 o
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and increase towplane velocity slightly as higher bank angles are approached.
Execute the transition from straight and levsl flight to final orbical fught
slovly in no less than three complete orbits.

2. Optimization of Flight Opersations

For a given operating system with fixed towline length, there
are many combinations of towplane operating parsmeters, velocity, turn
radius and altitude, which will result in an orbiting line operation. Ju-
dicious selection of the towplane parameters can optimtsze the operation for
a number of different purposes, e. g., greatest towline verticality, minimum
variation in verticality, best fuel economy for the towplane, maximum comfort
for the towplane crew, etc. These optimizations can be easily and economically
studied with the aid of the steadv-state mathematical model. Bold steps can
be taken and novel ideas can be explored without danger to the towplane crew
or equipment. In addition, with the high speed electronic computer, numerous
cases can be calculated quickly arid inexpensively.

Review of scattered field operating data on existing systems
indicates that significant potential improvements can be affected by
optimization studies on current operational systems as well as on future
systems.

3. Optimization of Towlines

Foregoing portions of this report have pointed out the effects
of dynamic drag, diameter and weight per unit length on the behavior of
towlines in orbital flight. Low drag, large diamster and heavy weight would
appear to be desirable objectives in all cases, but they do not necessarily
lead to the optimum towline for a given operation. In the case of relatively
short towlines, or in situations in which the towplane speed and/or turn
radius cannot be sufficiently reduced, low drag and high unit weight are
significant in achieving verticality. On the other hand, with long towlines,
high unit weight may be an intolerable burden on the towplane. There are
many possible variations. The special towline of stepped diameter represents
one o!. the variations.

The NAVAIRDEVCEN steady-state mathematical model provides o
ready tool for investigating the significant characteristics of towlines,
optimizing them for current operations, and defining profitable avenues
for the development of improved towlines.

V. CONCLUSIONS

A. DNo previous mathematical model adequately represents and predicts
the characteristics required to design and optimize orbiting towline systems.

B. Two models are actually required: a steady siute model, and a
transient model. Criteria for both are presented herein.

C. A steady-state model has been developed at the NAVAIRDEVCEN. The
analytical formulation and a computer program are presented and discussad

herein.
15
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D. Numerical results for a number of cases corresponding to operational
orbiting towline systems are presented and discussed. These results are in
close agreement with existing flight test measurements.

E. The steady-state model predicts multi-valued solutions under certain
opersting coanditions. These regions of operation should be avoided until the
sexistence and relative stability of the alternate solutions are determined.
These reglons can usually be avoided in actual operation,

¥. Stepped diameter towlines can eliminate the multi-valued region
and reduce the tow load. This lessens the poesibility of towing breakage
and improves towplane endurance.

G. Verticality of orbiting towlines can be increased by special
towlines having reduced dynamic drag coefficients.

VI. BECOMMENDATIONS

A. The steady-state model should be utilized to optimize the operation
of current orbiting towline systems and to design and optimize future
systems., Significant improvement in verticality, fuel economy, time on
station, and crew comforts could be made by an optimization of the current
TACAMO system using ths mathematical model.

L]

B. A full-scale instrumented flight test program should be designed
and conducted to experimentally confirm the numerical results, including
the results from the stepped towline, predicted by the steady-state model.
The existence and stability of the multi-valued solution should also be

exanined,

C. A transient mathemstical model should be developed in accordance
with the criteria pressented harein.
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FIGURE |, TOWLINE SYSTEM AND COORDINATES
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TABLE I  TOWCINE TENSION — NADC MAarH
MODEL VS FLIGHT TEST DATA
Vckras) ALY CFY) | Tewe/nE TENSION ¢8S ‘
CONGTN FT NADC FLIGHT
STRAISHT ANp LEVEL FLIGNT S E—
/95 23500 /8000 73/0 1300
223 2/ 000 /8000 /%60 /425
237 20800 18000 /1560 1500
247 20200 18000 /1650 /1578
/97 100 24000 1650 (525"
/90 2/590 2900 )640 /950
223 24900 24000 1760 | 1590~ /840
/ ¥ 25900 2900 /1888 / 900
/92 2350 29000 /1908 | (8v#~2000
QBITAL FLISHT _

CASET JAMC Maf =16° (rowmane mw,eapw:

= 71000 Fr)
/89 | 2s5w00 29000 2/00 21002828
L =
CASEL  BAWKANELE = 2/°  (rowpiLaws TvAN RADIVE
= 8ooo Fr)
186 | 2289 29004 | /972 | 18a5~v2tas

(1) 100 APAT DESCENY

Fowenwe dIA. = 0.2/10 "

DOOGVE WEISHT = /XS LES
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