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i Four tow cables used in the AVRL Long Line Loiter program were

tested to determine their drag characteristics. E2ach cable was

tes'ed in angle of attack range a = 15"-90" and Reynolds number range

Rn = 12,000-54,000. Tests were performed in the AFIT five-foot

subsonic wind tunnel. The cables were of two types: (1) two

circular, hollo%-woven polypropylene lines, for which Cd vs. Rn was

generally concave up for high a and nearly linear for the 1ow a.

Maxilmum Cd at (a = 90* was near 1.2; the critical Rn was approximately

35,000. (2) two flat (t/c z 1/2) hollow-woven nylon lines for which

Cd vs. Rn was concave down for high a and nearly linear for low a.

M5axin.um Cd at t = 900 was near 1.0; no critical Reynolds number was

reached during flat cable testing.
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Preface

The project which this thesis describes was undertaken

with two goals in mind. First, it was hoped that practical

information would be obtained for use in the Aerospace

Medical Research Laboratory's Long Line Loiter program.

Secondly, we hoped to learn as much as we could about

"Shirt-sleeve" practical engineering, as well as the

theoretical preliminaries and post-test analysis, required

to complete a wind tunnel test program.
I

How successful we have been in our first objective

remains to be seen; as far as the second goal is concerned,

we gained more experience in practical problem solving,

objective re-evaluation, and sheer exasperation than we

had ever dared hope.

We express our sincere appreciation to Mr. R. W. Asha-

braner, who did the major fabrication of test equipment, and

to Messrs. T. J. Lokai and W. S. Whitt for their assistance

in running all the tests. We also thank Mrs. Ida M. Barnes,

who typed the rough draft of this paper.

We are especially indebted to 'rofessor H. C. Larsen,

Hcad of the Aerospace Design Department of the Air Force

Institute of Technology, for his counsel, guidance, and

patience with us as we learned throughout this project.

Burdette J. Barnes, Jr.

John L. Pothier
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Abstract j
Four tow Cables used in the Aerospace Medical Research

Laboratory's Long Line Loiter (circling towed cable) program

were tested to determine their drag characteristics. Each

cable was tested with 25 pounds tension at angle of attack

a a 15, 30, 45, 60, 75, and 90 degrees in a Reynolds number

range Rn a 12,000 - 54,000 (45 - ISO mph). Tests were

performed in the AFIT five-foot subsonic wind tunnel.

The four cables were of two types: two circular, holl-ow-.

woven polypropylene lines and two flat (t/c = 1/2) hollow-

woven nylon lines. Plots of drag coefficient Cd versus Rn

for the circular lines had a general concave up shape at

high a and were nearly linear at low a. At 90 degrees, the

circular line maximum Cd was near 1.2; the critical Rn was

approximately 35,000. The relation

Cd (a less than 90') a Cd (a u 90') Sin3 a

was found to predict the shape of the Cd versus a curves,

but gave lower values than experimentai results.

Plots of Cd versus Rn for the flat cables showed a

concave down characteristic at high a and were nearly linear

at low a. At 90 degrees, the maximum Cd was approximately

1.0; no critical Rn was reachmd during flat cable testing.

It was found that the "sine cubedV prediction was very

inaccurate for this type tow cable.

vii



GA/MC/71-4

WIND TUNNEL MEASUREMENT OF

AIRBORNE TOWED CABLE

DRAG COEFFICIENTS

I. Introduction

Background

The exact equations of motion of a towed cable are

second order nonlinear partial differential equations of

such complexity that analytic solutions are not possible

without making simplifying assumptions. Among the more

commonly used simplifications is the representation of the

towed cable as a finite number of inflexible links of uni-

form point mass, constant cross sectional area, and con-

stant surface roughness, each link experiencing aerody-

namic forces resulting from the component of local flow

normal to each link's axis (Ref 2:8).

In the case of the circling towed cable, an aircraft

flies a circular ground track trajectory while towing the

cable; the cable descends from the aircraft toward the

ground in a spiral, its trailing length becoming gradually

more vertical until the free end is stationary over a

selected ground point (Ref S:1).

Due to the wide variations in angle of attack and

airflow velocity acting on each link in a circling towed

cable, the assumption that only the normal component of

local flow has an aerodjnamic effect (the Cross Flow

1
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Principle: see Appendix A) is not applicable to all links.

Those links at small angles of attack experience compara-

tively large axial flow components which lead to the forma-

tion of axial boundary layers whose effects cannot be

ignored. Further, the effects of cable tension, roughness,

and porosity on the drag of a specific cable in oblique

flow are not known exactly, making accurate prediction of

a given cable's drag characteristics impossible.

Purpose

It was the purpose of this thesis to determine through

wind tunnel tests the variation of drag coefficient with

Reynolds number and angle of attack for four specific

cables used in the AMRL Long Line Loiter (circling towed

cable) program. The results of the tests were compared

with the results predicted by the Cross Flow Principle and

previous NACA test data. Also, the qualitative effects

of cable tension on drag were examined briefly for one

cable. The AFIT Five-Foot Subsonic Wind Tunnel was used

in conducting these tests.

2
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I1. Test Apparatus

Drag Frame

Because the aerodynamic drag force experienced by a

single short length of tow cable in a low-velocity air-

stream is small, it was necessary to maximize the forces

to be measured during testing. However, since the AFIT wind

tunnel is of circular cross section, an auxiliary test cell,

the Drag Frame, was designed and built so that four identi-

cal cable specimens could be tested simultaneously.

The Drag Frame consisted of two parallel 1/2-inch

plywood plates, 32 inches high by 58 inches long, held 18

inches apart by four 1/2-inch by 3-inch streamlined hori-

zontal struts. To prevent longitudinal bowing, the plates

0 were stiffened by I 1/2-inch by 1 1/2-inch aluminum angles

bolted to the plate outer surfaces as shown in Fig. 1.

To keep the flow between the plates as stable as possible,

the plate leading edges were bevelled and their inner sur-

faces sanded smooth. See Fig. 2.

Each cable to be tested was positioned in a V-config-

uration between the side plates, vertex downstream, giving

the effect of two cables at the same angle of attack. This

arrangement not only allowed rather long lengths of cable

to be tested without requiring an extremely long Drag Frame

length, but also minimized the effects of lateral flow com-

ponents. The vertex was formed by passing the cable over a

pulley attached to a pylon formed by three 1/2-inch by

3
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3-inch streamlined aluminum struts. See Fig. 3. The

horizontal pylon struts bore on the upper and lower edges

of the side plates, while the vertical strut was held mid-

way between the side plates. The vertex pylon is shown in

Fig. 4. The planes of the four cable specimens tested were

spaced vertically 6 inches apart, as shown in Fig. S.

The ends of each cable were passed through small slots

in the side plates and around pulleys mounted to the side

plate stiffening angles. One cab'le end was fastened to a

strain gauge C-link which was in turn fastened to a stif-

fening angle (See Fig. 6), while the other cable end was

attached to an adjustable anchor on a stiffening angle.

See Fig. 7.

The angle of attack of each cable was set by position-

ing the vertex pylon at different longitudinal stations,

keeping the cable ends at the same locations on the side

plates. The strain gauge C-links were used to measure the

tension in each line; by adjusting each anchor, all cables

could be tested at the same tension.

6
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Fig. 4. Vertex Pylon
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Cables

The first cable tested was a hollow-woven polyethylene

line of 2000 pounds tensile strength which had a cross

sectional diameter of 3/8 inch under 25 pounds tension.

This line had a very slick surface, but was essentially

rough and porous due to its coarse-woven nature. The second

cable was identical to the first, except that four #20 wires

were threaded inside the woven exterior. Cable 2 had a

7/16-inch cross sectional diameter under 25 pounds tension

and a 3/8-inch diameter under 100 pounds tension. See

Fig. 8.

The third cable tested was a hollow-woven nylon line

of 4000 pounds tensile strength whose cross section under

25 pounds tension was 1/2 inch by 1/4 inch. This cable was
04

smoother over all than the first and second cables, although

its surface finish was much less slick. See Fig. 9.

The fourth cable was very similar to Cable 3, being

a hollow-woven nylon line of 2000 pounds tensile strength

whose cross section under 25 pounds tension was 3/8 inch

by 3/16 inch. Cable 4 was also much less porous and rough

than Cables 1 and 2, although not as slick. This cable is

shown in Fig. 10.

12
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111. Test Progr.am

The test program which was followed consisted of

five phases:

1. Calibration of the Prandtl-tube pressure rake

2. Installation and checkout of the Drag Frame

3. Pressure/velocity survey of the test volume

between the Drag Frame side plates

4. Measurement of Drag Frame drag tares

S. Measurement of cable drag

The descriptions of all test program test phases follow

in this section; the general results of Phases I through

4 are also presented in this section, while the detailed

results of Phase 5, cable drag, are presented in Section V.

Prandtl-Tube Rake Calibration

The four-element Prandtl-tube pressure rake which was

used for pressure/velocity surveys was calibrated in the

wind tunnel at known tunnel velocities to determine its

accuracy. The individual Prandtl tubes were spaced at six

inch intervals on the rake, beginning at a point nine inches

above the center line and extending to a point nine inches

below the center line. The rake was installed in a vertical

plane, centered in the tunnel test section, with the tips

of the Prandtl tubes 100 inches downstream of the test

section entrance, as shown in Fig. 11.

The rake pressure readings were recorded with the rake

* in the "upright" position; the rake was then inverted and

16
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K~ Test Section Entrance

9. in

Fig. 11. Prandtl-Tube Rake Installation

pressure readings recorded for the "inverted" position.

Analysis of these data indicated that no vertical pressure

gradient existed at the chosen calibration location (this

was confirmed by previous tunnel pressure survey records)

and that all four Prandtl tubes consistently read only 96

per cent of the actual local dynamic pressure. A typical

result of Prandtl tube calibration is shown in Fig. 12.

17
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Tube Position

09 in. Above C.L. (Rake Upright)

12 S9 in. Below C.L. (Rake Inverted)
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Drag Frame' 1Istallation and checkout

0 Tho Drar. Frnmo was installed and attacled to the wind

tunnel wire balatice force measurement system so that it was

centered horizontally and vertically in the test section

and was at zero angle of attack to the test section longi-

tudinal centerline. A frontal view of the installed Drag

Frame is shown in Fig. 13; the wire balance attachment

points are shown in Fig. 14.

.7NT w

Via

IM

~~NAPz
a

Fig. 1. r4Z~ frame Installed in Test Section
(Front View)
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Front Rear
Resolving / Counterweight I

Center

Drag /730 -___

(On Centerline) II

11 in.24 in.

Lift
Front Rear

Fig. 14. Wire Balance Attachment Points

From the standpoint of aerodynamic lateral stability,

it was desired to have the Drag Frame center of gravity

located between the wire balance resolving center (upstream)

and the Drag Frame center of pressure (downstream). However,

this was not possible because of the location of the center

of pressure at approximately the side plate quarter-chord

and the center of gravity at approximately mid-chord. The

chosen solution to this problem was the use of lateral

dampers and tether lines attached to the Drag Frame side

plates.

The lines from the viscous dampers were attached to

the side plates 12 inches below the resolving center at

20
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0 the forward position and 36 inches aft of the resolving

center on the side plate centerline at the aft position.

Tether lines were attached to the left side of the Drag

Frame only. The Drag Frame was found to be aerodynamically

stable under these constraints throughout the test speed

range (0 - 150 mph). The damper and tether line attachment

points for the left side plate are shown below in Fig. 15.

@ ~6 in.7

00-
11 in."

To Damper

01 Tether Line to

Tunnel Wall (typ.)

12in.

To Damper

Fig. 15. Damper/Tether Attachment Points

(Left Side)

21
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Pressure/Velocity Survey

All cable test configurations were contained in the

volume bhown in Fig. 16.

ISO 3

2
I 18 n.

1

18 i n... . t

Fig. 16. Cable Test Volume

The Prandtl-tube pressure rake was used to survey the

pressure/velocity characteristics at Points 1, 2, and 3 in

the plane of each cable over the desired tunnel speed range

(0 - 150 miles per hour; 0 - 11 inches of water dynamic

pressure). It was found that over the entire test pressure

range the dynamic pressure at Points 1 and 2 was the same

within 0.02 inches of water, while the pressure at Point 3

was approximately 2 per cent higher than at Points 1 and 2.

This result was typical of all four cable planes.

By averaging logarithmically the dynamic pressures in

all cable planes at Points 1, 2, and 3, an average test

22
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pressure was developed which, over the test range, was with-

W in 1 1/2 per cent of the true dynamic pressure at any point

within the test volume. Further, this average dynamic

pressure was within 1 per cent of the true pressure at

Points 1 and 2 in each cable plane. Since only a small

portion of the 15 degree angle of attack cables was in the

region near Point 3, it was felt that the average test

pressure used in computations was within I per cent of the

true dynamic pressure acting on the cables during test,

for all configurations.

Drag Frame Tares

The Drag Frame tares were measured at selected tunnel

air speeds with the vertex pylon at the 15, 30, and 90

degree positions. It was found that the 30 and 90 degree

vertex pylon configurations gave virtually identical tares,

while the 15 degree position resulted in slightly lower

tare values. The tares for the 30/90 degree configuration

were used for all but the 15 degree angle of attack cable

configuration; the 15 degree tare was used for this con-

figuration. Drag Frame tares are plotted versus test

section dynamic pressure in Fig. 17.

2I

23 i
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K-Vertex Pylon in 90", 30* Position

Vertex Pylon in 15 Position

30 /

25-

20/
//

Drag
(lb)

10

01

0 I , , I , ,

1 2 4 6 8 10 4

Test Section Dynamic Pressure (in. of water)

Fig. 17. Drag Frame Tares as a Function of
Test Section Dynamic Pressure
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Cable Drag

All four cables were tested with 25 pounds tension

over a test section speed range of approximately 45 to

150 miles per hour (I - 11 in. of water dynamic pressure)

and at 15, 30, 45, 60, 75, and 90 degrees angle of attack.

Angle of attack in this test was defined as the angle that

the cable center line made with the airstream, as shown

below in Fig. 18.

Airstream

a - Cable Angle of Attack

Fig. 18. Cable Angle of Attack

Although a maximum test velocity of 200 miles per hour

(corresponding to the usual tow velocity of the C-130 tow

aircraft) was desired, this velocity was not attainable

due to the excessiv -,4. tunnel motor power required to

overcome the high blcc:w e and drag of the Drag Frame.

25
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The lowest test angle of attack, 15 degrees, was chosen

so that the length of the Drag Frame which would be re-

quired to contain this cable configuration would not be

too great.

Cable 2 was alsc tested with 100 pounds tension at

15, 30, and 45 degrees angle of attack; at 60 degrees, it

was apparent that the Drag Frame side plates were bowed

inward, making the previously measured drag tares not usable.

No measurable side plate bowing occurred during the 25-

pound tension tests of any cable.

During testing of the flat cables, Cables 3 and 4,

all cable configurations were with the larger cross sectional

dimension parallel to the airstream; it was felt that this

most closely represented the attitude of a long flat cable

during towing.

The results of the cable drag tests are reported in

Section V, along with typical graphical results. Graphical

results of the complete cable drag test program are presented

in Appendix C.

26
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IV. Accuracy of Data

Dynamic Pressures

The nominal tunnel dynamic pressure values for each test

point were read on an inclined water manometer having a scale

resolution of 0.001 inches of water. However, the dynamic

pressure values used for reduction of data resulted from

logarithmic averaging of the cable test volume pressure

survey data (see Section III, p. 22). The pressure data

used in the averaging process were read on a vertical water

manometer having a scale resolution of 0.02 inches of water.

Drag Forces

The drag forces which were measured during drag tare

and cable drag testing were read on a Toledo beam balance

scale having a scale resolution of 0.02 pounds. Three

pre-run and three post-run static values were averaged for

each cable test; "wind on" forces resulted from averaging

five drag force print-outs at each cable/angle if attack/

dynamic pressure combination.

Data Repeatability

Due to severe time limitations, it was not possible to

conduct a systematic check of data repeatability. However,

compariron of Cd versus Rn curves for Cable 2 at 25 and 100

pounds tension and 15, 30, and 45 degrees angle of attack

shows good agreement. Also, the general shapes of the curves

for Cables 1 and 2 were the same, lending further support to

the belief that the data are accurate and could be reproduced.
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V. Results and Conclusions

Results

Cable 1. Cable I was tested over the Reynolds number

range Rn 12,000-38,000. In general, as angle of attack

was increased, the coefficient of drag was found to increase,

reaching a maximum of 1.2. Also, at a constant angle of

attack the coefficient of drag tended to decrease with

increasing Reynolds number. At the lower angles of attack,

kowever, this was not as pronounced, and the coefficlent of

drag was nearly constant at 15 and 30 degree angles of

attack. See Fig. 19.

All curves of coefficient of drag versuas Reynolds

number 3xhibited a concave upward shape until the critical

Reynolds number was reached in the neighborhood of 35,000;

at this point there was a sudden decrease in coefficient

of drag for increasing Reynolds number. It was noted that

this effect occurred at a higher Reynolds number for de-

creasing angle of attack, i.e., drag coefficient for 15 de-

grees showed little or no decrease for high Reynolds number.

In Fig. 20, drag coefficient is plotted versus angle

of attack with Reynolds number as parameter. The Reynolds

number effect was seen more clearly here as the coefficient

of drag decreased with increasing Reynolds number, the

effect being most pronounced at high angles of attack.

It was found that the variation of drag coefficient

*with Reynolds number predicted by the Cross Flow Principle
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Angle of Attack

o 750

o600

1.01

0.8

* 0.6

C d

0.4

0.2

0
10 20 30 40 s0

Reynolds Number x 1-

Fig. 19.* Cable 1; Coefficient of Drag as a
Function of Reynolds Number, Angle of
Attack as Parameter (25 lb tension)

*This figure also appears on p. 47 as Fig. 27.
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Reynolds Number

(D 17,000
o 37,000

1.2

1.0

0.8 i

0.6

C d

0.4

0.2

II
0

0i1 30 45 60 75 90

Angle of Attack (Degrees)

Fig. 20.* Cable 1: Coefficient of Drag as a
Function of Angle of Attack, Reynolds
Number as Parameter (25 lb tension)

0*This figure also appears on p. 48 as Fig. 28.
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closely approximated the shape of the experimental curve,

but the theoretical values of drag coefficient were con-

sistently lower than experimental results, as shown in

Fig. 21.

Cable 1 Rn=37, 00

1.0 Predicted
Measured

/
0.8 /

/
/

* 0.6 /

Cd /

/
0.4 /

/
/

0.2 //

0 r- I ,I '-! i

0 15 30 45 60 7S 90

Angle of Attack (Degrees)

Fig. 21.* Cable 1; Comparison of Predicted and
Variation of Drag Coefficient with Angle of

Attack (Rn a 37,000, 25 lb tension)

*This figure also appears on p. 49 as Fig. 29.
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I, Cable 2. Cable 2 was tested over the Reynolds

number range Rn = 13,000-45,000. The general results of

testing were as found for Cable 1. The only major differ-

ence was that the coefficient of drag was consistently

lower for Cable 2 (for corresponding angle of attack and

Reynolds number) reaching a maximum of 1.1. Detailed

results are provided in Figs. 30, 31, 32, and 33 in

Appendix C.

Drag coefficient was found to increase slightly under

increased tension as shown below in Fig. 22.

Angle of Attack

T=25 lb T=10 lbQ 450

0.6 300 "
S 156 V

0.4

Cd

0.2

o'I a I , ,
0

10 20 30 40 so

Reyaolds Number x 10
-3

Fig. 22. Cable 2; Coefficient of Drag as a
Function of Reynolds Number, Angle of

Attack and Tension as Parameters
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Cable 3. Cable 3 was tested over the Reynolds number

range Rn = 18,000-55,000. In general, all curves of drag

coefficient versus Reynolds number exhibited a concave

downward shape with no significant decrease in coefficient

of drag at higher Reynolds numbers. The maximum coefficient

of drag was slightly less than 1.0, and the curves were not

consistently shaped as were those for Cables I and 2. See

Fig. 23.

In Fig. 24, drag coefficient versus angle of attack is

plotted with Reynolds number as parameter. It was seen here

that coefficient of drag increased with Reynolds number; in

addition, it was evident that the Cross Flow Principle

would not predict the shape of this curve accurately.

0

0
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0Angle of Attack

o) 750
O 60*

1.2 '~300

1.0

0.8

0.6

Cd

0.4

0.2

0
10 20 30 40 50

Reynolds Number x 1-

Fig. 23.* Cable 3; Coefficient of Drag as a
Function of Reynolds Number, Angle of
Attack as Parameter (2S lb tension)

*This figure also appears on p. 54 as Fig. 34.
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Reynolds Number

o16,500
o 46,500

1.2

1.0

0.8

0.6

Cd

0.4

0.2

0g
0 15 30 45 60 75 90

Angle of Attack (Degrees)

Fig. 24.* Cable 3; Coefficient of Drag as a
Function of Angle of Attack, Reynolds
Number as Parameter (25 lb tension)

*This figure also appears on p. 55 as Fig. 35.
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Cable 4. Cable 4 was tested over the Reynolds number

range Rn = 18,000-48,000. In general, Cable 4 exhibited

characteristics similar to those of Cable 3. The major

differences were (I) Cable 4 reached a maximum coefficient

of drag slightly greater than 1.0 and (2) the curves of

coefficient of drag versus Reynolds number were more simi-

larly shaped and constant in nature. Coefficient of drag

was a much more linear function of angle of attack for

Cable 4 than predicted by the Cross Flow Principle.

Figures 36 and 37, Appendix C, provide detailed results

for Cable 4.

Test Apparatus. Although the Drag Frame gave reason-

able results under the parameters presented in this study,

it was found to be (1) inherently unstable when interfaced

with the wire balance, (2) difficult to align due to its

size and shape, (3) difficult to adjust and reconfigure

due to the necessity of incorporating adjustment mechanisms

into the frame, (4) too large, so that wind tunnel motor

power limitations were imposed, and (5) limited in ability

to test cables in the tension ranges encountered in actual

practice.
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Conclusions

Cables 1 and 2. In the range of Reynolds numbers

tested (12,000 to 54,000), the results were in fair agree-

ment with Schlicting (Ref 4:16) and Lindsey (Ref 3:171,

for circular cylinders (a relatively constant coefficient

of drag of 1.2 is predicted). Experimental results were

in the neighborhood of 1.1 for Cable 1 and 1.0 for Cable 2,

but these results were not constant over the test range.

Due to the shapes of the drag coefficient versus

Reynolds number curves (concave up and decreasing at higher

Reynolds numbers), it was concluded that the circular cables

were approaching the critical Reynolds number range pre-

dicted by Fage and Warsap (Ref 4:459).

Although tension tests gave good results, it was con-

cluded that more testing is necessary to establish trends.

Cables 3 and 4. The fl~t cables (t/c - 1/2) gave much

higher coefficients of drag (1.0 as opposed to 0.6) than

are predicted for elliptical cylinders of the same fineness

ratio over the same test range (Ref 3:172). It was concluded

that this variation could be attributed to (1) cable shape

(basically rectangular), (2) roughness, and (3) other

parameters, such as porosity.

It was concluded that critical Reynolds number effects

were not noticeable for the flat cables, and that the Cross

Flow Principle is not applicable to this type cable.
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Test Apparatus. It was concluded that the Drag Frame

is inadequate for further testing of cables except at very

low tensions.

Summary

1. The curves of drag coefficient versus Reynolds

number exhibited slightly concave upward shapes for the

circular cables becoming distinctly concave downward in the

critical Reynolds number range, and concave downward shapes

for the flat cables.

2. Critical' Reynolds number effects were noticeable

for the circular cables, but were not noticeable for the j
flat cables.

3. The Cross Flow Principle predicted the general

shape of the drag coefficient var-iation with angle of

attack for the circular cables, but predicted a consistently

low value of drag coefficient.

4. The Cross Flow Principle was not accurate for

prediction of flat cable drag coefficients.

5. At low angles of attack, drag coefficient was

relatively constlant with Reynolds number for both circular

and flat cables.

38
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VI. Recommendations

It is recommended that:

1. Further testing on cable characteristics be

carried out in a small diameter wind tunnel where side

plates would not be necessary. This would'facilitate high

tension testing and ease of reconfiguration, as well as

eliminate stability problems.

2. Parameters such as porosity and cable attitude

(see p. 26) be consideree for further testing. a
3. Polynomial curves be fitted to the experimental

data so that they can be incorporated into existing circling

line dynamic analysis computer programs.

4. The lift characteristics of tow cables be inves-

tigated to determine their general nature, lift coefficient

magnitudes, and the applicability of the Cross Flow Prin-

ciple to lift coefficient prediction.

5. A theoretical analysis be made of the flow condi-

tions around inclined cables, including the effects of

extreme surface roughness, porosity, and cable tension.

Predictions based upon this analysis could be compared to

existing experimental data and might point out areas in

which further wind tunnel testing might be used to advantage.
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CosAppendix A

Cross Flow Principle

The Cross Flow Principle holds that the airflow

pattern and hence the dynamic pressure acting on an

inclined cylinder is a function of the airflow component

normal to the cylindrical axis.

Consider a circular cylinder of length 1 and diameter

d and having "proper" drag coefficient (drag coefficient

based on total wetted cross sectional area) Cd . Let

this cylinder be inclined at angle of attack a to a

uniform airstream of velocity V as shown in Fig. 2S.

o3 D
Vt

In

Fig. 25. Inclined Circular Cylinder in Airstream
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From the geometry of Fig. 25, the component of flow

normal to the cylindrical axis is

V V Sina (1)

where Vn = "normal" airstream velocity

V = airstream velocity

a = cylinder angle of attack

The "normal" drag force acting on the inclined cylinder 
is

Dn = Cd qnSw a Cd (1/2pVn2)dl (2)

where Dn - "normal" drag force

Cd = drag coefficient based on "proper" area

qn = "normal" dynamic pressure

SW - "proper" cross sectional area

p a airstream density

d - cylinder diameter

1 - cylinder length

Substituting Eq (1),

D Cd (l/2pV 2 ) Sin 2 adl (3)

The component of this "normal" drag force 3'- the direction

of the airstream is

DuD n Sina - SinI 0 (4)

where D = drag force parallel to airflow direction.

42



GA/MC/71-4

If, however, the drag coefficient (based on "proper"

area) of the inclined cylinder is defined by

D = Cd(l/2pV2 )dl (5)

where Cd = drag coefficient of cylinder at angle of attack,

then since the drag forces expressed by Eqs (4) and (5)

are equal (i.e., both express the magnitude of the drag

force acting on the cylinder in the direction of the free

airstream),

Cdu Cdw Sin3 a (6)

From Eq (6), it can be seen that the Cross Flow

Principle predicts the "proper" drag coefficient of an

* inclined circular cylinder to be equal to the "proper"

drag coefficient at 90 degrees angle of attack multiplied

by the cube of the sine of the cylinder angle of attack.
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Appendix B

Data Reduction

Test Atmospheric Conditions

Temperature and pressure were recorded before and

after each test run to determine average test conditions;

pressures were corrected for temperature before averaging.

Atmospheric density was corrected for temperature and

pressure by

P r Po (7) I

where p0 a 0.002378 slugs per ft3

PO a 29.92 in. of mercury

T = 518.6 degrees Rankine

Atmospheric viscosity was corrected for temperature

by the following (Ref 1:15):

= (338.5 + 0.575 T) x 10- 9  (8)

where P = dynamic viscosity in pound seconds per ft 2

T = temperature in degrees Fahrenheit

OI
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Drag Coefficient Reference Area

The reference area used for all drag coefficients

was the "proper" cross sectional area, the total wetted

cable cross sectional area encountered by the air stream:

A = 18 t(9
~(9)

Sin a

where A = "proper" cable cross sectional area

t u cable thickness normal to airstream

The appropriate dimensions for a flat cable are shown below.

Side Plate

10
S9 in.

Fig. 26. "Proper" Cross Sectional
Area (For a Flat Cable)

Reynolds Number Characteristic Length

The characteristic length used for calculation of

all Reynolds numbers was the cable cross sectional dimension

parallel to the airstream when the cable was at 90 degrees

angle of.attack. (In the case of the two "flat" cables,

this length was either 3/8-inch or 1/2-inch.)
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Appendix C

Graphical Results of

Cable Drag Test Program

46



GA/MC/71-4

Angle of Attack

o) 750o 60
1.230

1.0

0.8

0.6

C d

0.4

0.2

0
10 20 30 40 so

Reynolds Number x 10-3

Fi~g. 27. Cable 1; Coefficient of Drag as a
Function of Reynolds Number; Angle of
Attack as Parameter (25 lb tension)
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1.2

0.8

0.6-

Cd

0.4-

0.2-

0
0 15 30 45 60 75 90

Angle of Attack (Degrees)

Fig. 28. Cable 1; Coefficient of Drag as a
Function of Angle of Attack, Reynolds
Number as Parameter (25 lb tension)
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Cable 1,Rn=37,000

- - Predicted
___Measured

1.2

1.0

/
'N/ / ,

0.8-

/

0.6 /
* dCd - /

0.4 /
/

/

0.2 //
/

0 I , I ,!,
0 15 30 45 60 75 90

Angle of Attack (Degrees)

Fig. 29. Cable 1; Comparison of Predicted and
Measured Variation of Drag Coefficient with

Angle of Attack (Rn - 37,000,
* 25 lb tension)
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Angle of Attack

0 750
0l 60*
8~ 45*

1.2- ~0 30*

1.0

0.8-

0.6-

C0.4 

-

0.2-

01
10 20 30 40 so

Reynolds Number x 10-3

Fig. 30. Cable 2; Coefficient of Drag as a
Function of Reynolds Number, Angle of
Attack as Parameter (2S lb tension)

so



GA/HC/71-4

Angle of Attack

S4S

C)30

i s
1.2

1.0

0.8

0.6

0.4

Cd

0.2

0
10 20 30 40 50

Reynolds Number x 10-
3

Fig. 31. Cable 2; Coefficient of Drag as a
Function of Reynolds Number, Angle of
Attack as Parameter (100 lb tension)
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Reynolds Number
E)19,000

0 43,000

1.2

1.0

0.8

0.6

Cd

0.4

0.2

p , p I p
0 15 30 45 60 75 90

Angle of Attack (Dogrees)

Fig. 32. Cable 2; Coefficient of Drag as a
Function of Angle of Attack, Reynolds
Number as Parameter (25 lb tension)
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Cable 2,Rn=19,000

lPredicted
I~ Measured

1.2

1.0

0.8 /

/
So -0. /

Cd

0.4 -7 /
0.2 /

0/

0 s 360 75 90

Angle of Attack (Degrees)

Fig. 33. Cable 2; Comparison of Predicted and

Measured Variation of Drag Coefficient with

Angle of Attack (Rn - 19,000,
25 lb tension)
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Angle of Attack

C0 60*
450

1.2 30:
is

1.0

0.8

0.6

Cd

0.4

0.2

10 20 30 40 s0

Reynolds Number x 1-

Fig. 34. Cable 3; Coefficient of Drag as a
Function of Reynolds Number, Angle of
Attack as Parameter (25 lb tension)
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Reynolds Number

o 16,500

o) 46,500

1.2

, 1.0

0.8

0.6 -

Cd

0.4

0.2

0 I
0 15 30 45 60 75 90

Angle of Attack (Degrees)

Fig. 35. Cable 3; Coefficient of Drag as a
Function of Angle of Attack, Reynolds
Number as Parameter (25 lb tension)
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Angle of Attack

o60*

1.2 E~300

1.0.

0.8

0.6

Cd

4 0.4

0.2

01 I a I
10 20 30 40 so

Reynolds Number x 10-3

Fig. 36. Cable 4; Coefficient of Drag as a

Function of Reynolds Number, Angle of

Attack as Parameter (25 lb tension)
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Reynolds Number

O 18,000

o 41,000
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0.8

0.6

Cd

0.4
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0 ,_ _ _ _ _ _ I I
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Fig. 37. Cable 4; Coefficient of Drag as a
Function of Angle of Attack, Reynolds
Number as Parameter (25 lb tension)
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