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DEFINITION OF SYMBOLS

U - Free Stream Velocity -- feet pler second or miles per hour

- Velocity parallel to surface outside boundary layer

U. - Velocity parallel to surface within boundary layert:

S-- Boundary Layer Displacement Thickness--feet

- Boundary Layer Thickness--feet. Height above surface where

'L =C.ý*q U

6 - Boundary Layer Momentum Thickness--feet

•*-- Boundary Layer Energy Thickness--feet

H - Boundary Layer Shape Parameter

S-- Boundary Layer Energy Shape Parameter

- Skin Friction or Surface Shear--pounds per square foot

* .. • - Local Dynamic Pressure--pounds per square foot

- Overall Skin Friction Coefficient

C - -Local Skin Friction Coefficient
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Introduction

This report presents analyses of the drag and boundary

layer characteristics of the ZS2G- 1 airship as determined by

L1ul scale flight measurements of the boundary layer on the airship

envelope and from total power requirements. These measurements

were first made on the airship in its original service conditioT, and

then were repeated after numerous protuberances, antennae, and

fixtures were either removed or faired.

From the information obtained, the distribution of the drag

among the airship component parts was determined and an estimate

was made of the drag reductiozn possible by further modifications.

C
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Experimental Apparatus and Test Procedures

The flight tests reported in this paper were conducted

on the U.S. Navy ZSZG-I Airship BWNo. 240, in cooperation with

the AT &D division of the Naval Air Station at Lakehurst, New Jersey,

The test program was carried out in three phases, consisting first

of a preliminary investigation to qualitatively determine the extent

and the variation with airspeed of the areas of separated flow on

the airship envelope or bag. This was accomplished by attaching

approximately 2,200 Mylar tapes o- tufts (Figure i) to the after

portion of the envelope and to portions of the vertical fin and rudder.

These tufts were photographed at several airsppeds fror,; a helicopter

flying alongside the airship. (Figure 2). The regions of separated

flow were then determined by detailed examinations of enlargements

of these photographs. A sketch of these areas is shown in Figure 3.

It was also possible from these photographs to determine roughly

the thickness of the boundary layer in the vicinity of the vertical

fin by examination of the behavior and condition of the tufts in

this region. The boundary layer thicknesses estimated by this

technique are also shown in Figure 3, and the entire phase is

reported in detail in Reference 1.
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The second and third phases of the test program entailed

the actual measurement of the boundary layer on the airship

envelope and fin. For these measurements, three boundary layer

rakes, two, five, and ten feet high, were constructed, these

heights being estimated from theoretical calculations. of the

boundary layer on the envelope and from the tuft photographs.

(Figure 4). The rakes were each equipped with 15 total head and

5 static pressure probes and were connecteu by means of multi-

tube pressure tapes to a 20-tube water photomanometer with

which the boundary layer profiles were recorded. Boundary

layer profiles were measured at the 10, 20, 30, 40, 50, 60, 70,

80, 90, and 96 per cent stations on the envelope at airspeeds of

35, 40, 50, 60, and 70 miles per hour. The measurements

were made along a sector of the envelope approximately 300 from

the upper center line. To facilitate these measurements, the

upper vertical fin was modified to accomodate two observers who

occupied that position during flight. (Figure 5). Measurements

of the boundary layer on the fin were made by probing at several

locations from within the fin, with a pitot-static wand. The wand

was calibrated to register distance from the fin surface, and the

velocities were read directly on a Kollsman sensitive helicopter

airspeed indicator.

These measurements were made on the airship in its

original service condition and were repeated after the following

modifications had been completed.

CONFIDENTIAL
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1. Nose battens covered and faired with aircraft fabric.

2. ECM antennae and mountings removed.

3. Mpn-line along top of bag removed.

4. Navigation light cabling flush mounted.
5. AN/APS-38 radome removed and opening covered and •

faired.

6. Fuel and ballast dump faired in.

7. External hinges on car bottom made flush.

8. Jack pads removed.

9. APU air intake scoop removed.

±0. Anti-collision light moved to top of upper vertical fin.

11. All finger patches faired with aircraft fabric.

12. All external catenary cables faired with aircraft fabric.

13. Fin brace cable attachments enclosed with Fiberglas
fairings.

14. ART-13, ARR-15, and APN-70 antennae removed.

15. Sonar fish well covered and faired.

16. Shark fin antenna removed.

Approximately 24 flights, each lasting about 45 minutes,

were required to complete tie measurements. During each ofZ

the flights, the engine RPM and manifold pressure, the altitude,

and carburettor air temperature, and the airship angle of attack

and heaviness were recorded in order to determine the brake

horsepower required at each test condition.

C F N,
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Results and Analysis of Eata

From the flight test data it was possible to determine

the distribution of local velocity along the length of the airship.

Figure 0 shows the local velocity distributions nmasured in the

original and modified conditiona at the airspeeds tested. These

data agree well with the analyses of the tuft tests, (Figure 3),

which indicate that flow separation does not occu-.: until far back

on the bag. The pressure recovery, as shown by the velocity

distribution, indicates that the flow remains well attached far

aft on the envelope. The good pressure recovery suggests that

the drag of the envelope is mainly due to skin friction rather

than pressure drag. This premise is substantiated by the boundary

layer measurements.

Figure 7 shows typical boundary layer developments[ along the bag for the original and the modified conditions. A

theoretical .aoundary layer development due to Millikan (Reference

2) is also shown for comparison. The thinner boundary layer in

the modified condition is due to the fairing of the rough, exposed

battens at the nose of the airship. It can be seen that the measured

boundary layer developm-ent closely follows the growth predicted

for the ideal theoretical case increasing to a thickness of 10 feet

at the 96 per cent station. Two typical boundary layer profiles

CONFIDENTIAL
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of the 100 profiles measured in the original and in the modified

conditions. are shown in Figure 8. All measured boundary layer

profiles were reduced to yield the conventional parameters,

& #• i-I , and two typical distributions of these

parameters are presented in Figure 9. It is of interest to note

the relatively low values of the parameter H. For boundary
r

layers not near separation with Reynolds Numbers, Rg , of the

order of 100 to 1,000, H is generally of the order of 1.4 to 1. 5.

However, at the higher Reynolds Numbers of the present tests,

the values of H are seen to vary from i. 2 to 1.3.

From the measured profiles, it was also possible to

determine the local skin friction coefficient Cf, utilizing a form

of the Ludweig-Tillman wall law. An example of thia distribution

is shown in Figure 10, for both the modified and original conditions.

The skin friction distributions also show that the flow remains

unseparated until well beyond the 90 per cent station, giving a

low pressure drag as indicated by the tuft photos and the pressure

distributions.

These distributions of local properties of the boundary

layer can *e integrated over the envelope surface to give overall

coefficients for the entire envelope. Figure 11 shows the variation

with airspeed of the envelope skin friction drag before and after

fairing the nose battens. The skin friction coefficients presented

CONFIDENTIAL
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in this figure are based on the volume of the airship to the two-thirds

power, as are all non-dimensional coefficients in this report, and

represent the contribution of skin friction to the total drag of the

envelope. In addition to the skin friction drag, the envelope total

drag was determined by examinations of the envelope wake as

deduced from the boundary layer measurements. The development

of the boundary layer and the envelope wake for a typical case is

shown in Figure 12. The wakes determined in this manner were

then integrated to yield total envelope drag and these values,

reduced to coefficient form are given in Figure 13, as a function

of airspeed. A comparison of these values of total drag coefficients A

and the skin friction coefficients of Figure 11 reveals that, within

the experimental scatter, there is a little apparent difference,

indicating a very low pressure drag for the envelope.

These measurements on the airship envelope were used

to determine the drag and horsepower requirements for the

envelope as a function of airspeed and are presented in Figure 14.

Also shown in this figure are the brake horsepower and thrust

horsepower required for the entire airship. These data were

obtained from the engine information gathered in flight. The

thru3t horsepower was obtained using the brake horsepower and I

a propeller efficiency of 66 per cent. This value was taken from

Reference 3, as being representative of the ZSZG- 1 engine-

propeller installations.
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From these two curves, the thrust horsepower and the

total envelope drag, the aggregate drag of the remaining airship

components, eg. , the fins, car, engines, was calculated. This

drag increment was apportioned among the various components.

Table I shows several such drag breakdowns for the ZS2G- I

airship. The first column of the table is the drag breakdown of

this airship as reported in Reference 3, and is presumably typical

of the airship in service condition. The figures are presented

as percentages, taking the total airship drag as 100 per cent.

Column 2 of the table shows a drag breakdown of the airship

based upon the present measurements on the envelope in its

original condition and upon the measurements of total airship

power required. In this breakdown, the envelope drag has been

subtracted from the total drag and the difference distributed

among the various remaining components. The increments for

[• each component were distributed in the same proportions as in

Column 1 of the table. Column 2, based upon flight tests, shows

a somewhat lower percentage drag for the envelope.

Column 3 shows the drag breakdown for the airship after

[ the previously listed modifications had been made. These figures

were also computed using the original total airship drag as a

reference of 100 per cent. These measurements indicated that

the modified airship had 77. 6 per cent of the original total drag,

and that the percentage envelope drag had been reduced from 44. 6

CONFIDENTIAL
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per cent to 35. 2 per cent of the original total drag. In distributing

the drag among the remaining components, the amount of modifi-

cation to each component was taken into account. Thoae items
which were unaltered retained their original percentage drag,

while the drag of any modified component was reduced accordingly.

m IM

Discussion of Results and Projected Research

As a result of these investigations, some of the fundamental

properties of the flow in the boundary layer at very high Reynolds

Numbers have been disclosed. While there is a wealth of infor-

mation at high Reynolds Numbers, the data is generally obtained

at relatively high Mach Numbers and includes the effects of corm-

pressibility. The present data, however, has been taken at low

speed and very large boundary layer thick-.esses and provides

infor-mation applicable throughout the incompressible flow regime.

For example, the present data can be readily applied to bodies

submerged in water.

7he k'nportsuce d nraiatairing smooth, faired surfaces even

at these very large boundary layer thicknesses is obvious. By

covering and smoothing the battens at the nose of the airship,

the drag of the envelope was reduced to 79 per cent of its original

value. It is of interest to note that the reduction in envelope

CONFIDENTIAL
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drag resulted mainly from a decrease in the local skin friction.

The pressure drag was found to be a small factor in the total drag

as compared to the skin friction. A comparison of the total drag

variation with airspeed and the skin friction variation with airspeed

shows that the total drag varies in the same manner as the skin

friction, except at the lower speeds tested. At the lower speeds,

the total drag drops off with airspeed more rapidly than the skin

friction, indicating that the pressure drag decreases sharply with

airspeed until it becomes a small part of the total drag. This

observation is substantiated by the tuft photographs which show

that the region of separated flow decreases more rapidly at the

lower airspeeds,

The lower values of the shape parameter H are commen-

surate with the high Reynolds Numbers of the tests. A measure

of the effectiveness of accelerating the wake of this airship can

be found using the shape parameter H. The principle of wake

[A :acceleration is based upon the fact that it is more economical,

powerwise, to reaccelerate the slowed down wake to obtain a

given thrust than it is to obtain this same thrust from a pro-

peller operating in the freestream flow. (Reference 4). If it

is assumed that the pressure drag is negligible, as is true in

the present case, the ratio of these powers required can be

shown to be:

__CONFIDENTIAL
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Figure 15 shows the percentage power savings which could be

expected from re-accelerating the airship wake. It can be seen

that this saving amounts to approximately 10 per cent of the power

required throughout the range of airspeed tests, and in general,

shows a decreasing trend with increasing airspeed.

The modifications to the airship completed during the

present testa have resulted in a 22. 4 per cent reduction in total

drag. Additional modifications, which are now in progress, are

expected to still further reduce the total drag. A tension field

fillet is to be installed at the base of each of the fins and additional

fairings placed over protuberances still remaining on the fin

surfaces. These modifications are expected to result in an addi-

tional 3 per cent to 5 per cent reduction in the total drag. However,

[ the more important effect of these modifications will be the improve-

ment of the flow over the fin and rudder surfaces giving better

all control and stability. As indicated by the tuft pictures, there

exists an extensive region of low velocity flow over the fins and

rudders. The results of the boundary layer measurements on the
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upper vertical fin are shown in Figure 16. The data is presented

as lines of equal boundary layer momentum loss by plotting Q,

L over the surface of the fin. The extent to which the fin is immersed

in the low velocity flow near the envelope is also indicated by the

thickness of the envelope boundary layer. Of particular interest

is the adverse effect of the fin fittings and brace cable attachments.

It can be seen that these disturbances cause considerable momentum

losses to the downstream boundary layer. The effects of this low

momentum flow which lower the effectiveness of the fin and rudder

can be minimized by suitable additional fairings to the disturbances.

of It is of further interest, however, to examine the effects

of more extensive modifications to the airship aimed at greatly

improving its range and controlability. These modifications wuuld

include the installation of a stern propulsion system on the airship

which would provide both thrust and control. Figure 17 shows a

sketch of such an installation. The stern-mounted engine would

power a helicopter rotor which, by means of its cyclic pitch

controls, would supply the turning moments necessary to maneuver

the airship. This system would allow the removal of existing

fins and rudders as well as the existing engines and nacelles. For

preliminary tests, however, the presently installed engines could

be left intact.

CONFIDENTIAL
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Column 4 of Table I gives the estimated drag breakdown

of a stern propelled ZSZG- 1 airship with faired nose battens,

tail surfaces removed, and •envelape, tail surface, and engine 4,
car braces removed. Some residual tail surface and tail surface

brace drag has been included to account for a partial span fin §

mounted vertically beneath the envelope to serve as protection

for the helicopter rotor during high angle landings. It is seen

that these modifications reduce the drag to about 64 per cent of

* the original unmodified airship.

The next column, Number 5, itemizes the component drag

of an advanced ZS2G-l with stern propulsion. In this case, the

I envelope drag has been reduced by completely smoothing the battens

and envelope. The anal fin has been replaced with a retractable

"1 iskid having only 30 per cent of the drag of the fin, and eliminating

the remaining tail surface braces. The control lines have been

* made flush, thus eliminating their drag. In the light of past

a work in drag reduction, e. g. , reference 6, where the drag of a

comparatively clean Beech L-Z3 was reduced to 60 per cent of
its original value, it is felt that the car drag could be reduced

to 58 per cent of its present value. The outriggers and nacelles

are removed, thus eliminating their drag and by retracting the

Shandling lines, their drag is removed. These further modifications

reduce the drag of the airship to 43 per cent of its original value.

This vastly improved airship would greatly extend the range and

operating capabilities of present airship techniques.
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Concluding Remarks

-j

The data obtained during the present flight tests of the ZSZG- 1

airship have revealed several fundamental characteristics:

1. The drag of the airship is almost evenly divided between

the airship envelope and the remaining airship components.

2. The envelope drag is mainly due to skin friction rather

than pressure drag.

3. The pressure drag coefficient, as well as the skin friction

coefficient, decreases with increasing Reynolds numbers.

4. By suitable modifications to the nose of the airship, the

overall skin friction of the envelope has been reduced by

more than ZO per cent.

5. Performance estimates based on present data show that

the total airship drag can be reduced to 4Z per cent of

its present value by a bold modification using a helicopter

rotor for propulsion and control.

C
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