UNCLASSIFIED

AD NUMBER

AD857462

NEW LIMITATION CHANGE

TO

Approved for public release, distribution
unlimited

FROM

Distribution authorized to U.S. Gov't.
agencies and their contractors;
Administrative/Operational Use; MAR 1969.
Other requests shall be referred to Army
Aviation Materiel Labs., Fort Eustis, VA.

AUTHORITY

USAAMRDL 1ltr dtd 18 Jun 1971

THIS PAGE IS UNCLASSIFIED



—

USAAVLABS TECHNICAL REPORT 69-13

REVIEW AND PRELIMINARY EVALUATION

OF LIFTING HORIZONTAL-AXIS
ROTATING-WING AERONAUTICAL SYSTEMS

o

Ne

H

A
e (HARWAS)
00 |

By
W. F. Foshag
6. D. Boshle

March 1959 A

0. S. ARMY AVIATION MATERIEL lABORATﬂRIES
- FORT EUSTIS, YIRGINIA

CONTRACT DAAJO2-67-C-0046
AEROPHYSICS COMPANY
WASHINGTON, DC

4
D -

Best Available Copy




i

gy TR

wamn o @remee weswmm o

'\“”w«-ﬂ.\w— -ﬁ T

I PR

o)

v—

re—————— e —

M
DEPARTMENT OF THE ARMY

U. S. ARMY AVIATION MATERIEL LABORATORIES
Fort Eustis, Virginia 23604

ERRATUM

USAAVLABS Technical Report 69-13

TITLE: Review and Preliminary Evaluation of Lifting Horizontal-Axis
Rotating-Wing Aercnautical Systems (HARWAS)

Delete the statement on cover, title page, and block 10 of DD Form 1473
which reads:

"This document has been approved for public release and sale;
its distribution is unlimited. "

and replace with the following statement:

""This document is subject to special export controls, and each
transmittal to foreign governments or foreign nationals may be
made only with prior approval of US Army Aviation Materiel
Laboratories, Fort Eustis, Virginia 23€)4."

o




) I
4 .
e AN

s
bt

.

et

s

r
£

O,
L Tty ;

. ol AL

e sy

e

L ST

DEPARTYMENT OF THE ARMY

U. 8. ANMY AVIATION MATERIEL LARORATORKS
FORT EUSTIS. VIRGINIA 23404

This report, which is essentially a literature search, summarices the
horizontal axis lifting device techmology from its inception to the
present. The work was undertaken to permit evalustion, in the light
of current uission requiremsnts, material, and propulsion technology,
of various mechanisms proposed over the years.

Frequently, in the soluticn of immediate problems, techniques are
inadvertently reinvented at considerable expenditure of time and money.
If this report car prevent such duplication of effort or repetition of
prior mistekes, it will have served its purpose.

It is publisbhed to permit disssmination of informetion which might
otherwise be unavailable and for the stimulation of idess.

ey -




] B - - - - e ———— s oyt o - S 0

Task 1F 162204A14231
Contract DAAJO2-67-C-0048
USAAVLABS Technical Report 69-13

March 1969

REVIEW AND PRELIMINARY EVALUATION
OF LIFTING HCRIZONTAL~AXIS
ROTATING-WING AERONAUTICAL SYSTEMS
(HARWAS)

By

W. F. Foshag
G. D. Boehler

Prepared by

Aerophysics Company
Washington, D. C.

 SROMT 42 UNCLASSIFIND

Tl Unoumemt ia subject to special export comtrols and ead®
traamittal to foreign gPowrnments or foreign pationads may de
. made omly with prior approval of ...
U. S. ARMY AVIATION MATERIEL LABORATORIES
FORT EUSTIS, VIRGINIA

P

C

.




SUMMARY

The results of a Review and Preliminary Evaluation of Lifting
Eorizoxtlatgl-Axis Rotating-Wing Aeronautical Systems (HARWAS) are
preaented.

Among the purely aeronautical applications, near-horizontal axis
as well as horizontal axis devices are considered. The former cover
the radial-lift propeller or "self-propelling" wing; the latter cover
Maguus effect and related systems; c{c 0 systems and horizontal-
axis propeller :{stem. with cyclic pitch. A limited investigation of
non-aeronautical applications of HARWAS is also made, which covers
wing-rotor type windmills, cyclogirc windmill &irbines, Magnus effect
ship propulsion and cycloidal ship propulsion, -

Approximately 1200 references are listed. A series of cross-
index tables is also included to provide a quick means for .the reader
to determine the content and availability of the refereaces.

An analysis of the various lift systems pertinent to the HARWAS
field is made with a view to potential air vehicle applications. Over 20
original aeronautical applications are identified evaluated in the
light of recent advances in power plants, transmissions and lightweight
structural techniques. This analysis points out the extraordinary
variety of HARWAS and identifies promising new aeronautical systems,
especially wing rotor aerial delivery devices, the rotating airfoil flap
STOL airplane, and the cyclogiro VTOL or STOL airplane.

A preliminary performance and design study of two promising
HARWAS concepts is aiso reported. The two concepts are the STOL

tics aircraft using a rotating airfoii flap and the amplified high-
pitch cyclogiro for application to the composite aircraft mission.
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FOREWORD

This report is the final report prepiared by the Aerophysics
Company in the performance of Contract NDAAJ02-67-C-0048 (Task 1F
182204A14231) for the U. S. Army Aviaiion Materiel Laboratories
(USAAVLABS). It describes a comprehensive review and evaluation
?f all ki%)wn horizontal-axis rotating-wing aeronautical systems

The research program was performed during the period from
March 1967 to September 1968. Technical monitoring of the project
for USAAVLABS was by W. E. Sickles.

The report is presented in three paris corresponding to the three
phases of the program.

The first part discusses the bibliographical search; the biblio-
graphy itself is shown in Appendixes I and II. The second part presents
an analysis of the material discovered during the search. The third
part shows the results of the prelimi performance sad design study
of two promising concepts which were identified in the second part:
the rotating flap STOL aircraft and the V/STOL cyclogiro transport.

In the conclusion, the various aeronautical systems that were
identified are classified in the order of potential interest.

The authors would like to acknowledge the considerable assistance
that they have received during the comp on of this report from the
Stack and Reader Division, Library of Congress, and the staff of the
National Air Museum. Special thanks are generally extended to all of
those interested persons who acknowledged the general inquiry letter,
This form letter, which was given wide distribution, was a useful tool
in unearthing background information which would not necessarily have

been found in the literature search.. Further thanks are due F. Eastman,

H. Focke, H. Platt, and J. Laskowitz for their detailed contributions to
the report background.

The authors gratefully acknowledge the following sources for
the photographs appearing in this report:

Figure

1 From Poggendorff's "Annalen der Physik
und Chemie”, v, 88, n. 1, 1853.
From Reference 2A.
National Archives.
National Archives.
By Douglas Rolfe for Air Progress.
By Douglas Rolfe for Air Progress.
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Courtesy "Alrcraft Engineering".
National Air and Space Museum, C.G.B. Stuart Collection.
USAF Photographs,

From "Mechanics Magazine™.

Musée de I'Air.

Library of Congress.

Library of Congress.

Musée de 1'Air.

Courtesy H. Platt.

National Air and Soace Museum.
Copyright '"The Illustrated London News''.
Copyright "The Illustrated London News".
Courtesy '"Popular Science Monthly".
Musée de 1'Air.

NASA Photograph.

University of Washington.

Courtesy F. Eastman.

Courtesy F. Eastman.
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National Air and Space Museum.
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INTRODUCTION

In the growth of aircrait technology, limng devices that rotate
around a horizontal axis have been proposed and studied on many
occasions, only to be discarded in favor of fixed-wing aircraft or of
the helicopter rotor. It is the intention of this study to make a pre-
liz..fnary review and classification of all such devices and to evaluate
them in the light of current structural and aerodgluamic technology
against requirements for higher performance rotating wing and com-
gositi afircraft. As far as is known, such a review has never been
one before.

The project is divided into three phases:

Phase I - Bibliographical Search

Phase I -~ Aaalysis

Phase Il - Preliminary Performance and Design
of Two Promising Concepts

The report is also divided into three parts corresponding to the three
phases. The references and the cross-index tables are presented as
appendixes.

The investigation uncovered a larger amount of material than
was anticipated. It was not possible, therefore, to go into as much
detail for each topic as would be desirable. Np attempt was made to
use a consistent and completely defined set of symbols.

Because .of the exceptionally large number of picture credits,
these are listed separately in the Foreword.

All devices discussed in this report are referred to as: Lifting
Horizontal-Axis Rotating-Wing Aeronautical Systems (HARWAS).
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HARWAS BIBLIOGRAPHY

Scope of the Search and Survey

The bibliogmy search consisted of 2 detailed review of
periodicals, jour , reports, newspapers, films, patents, and books,
as well as interviews with technical researchers in the field of horizontal~
axis rotating-wing aircraft systems. It has resulted in the biblio- )
graphical collection presented here. The broad and general nature of
this collection is reflected by the inclusion of materiai not directly of
an aeronautical nature. It is obvious that this additional material
strongly complements the aeronautical background of the other refer-
ences. For le, the theoretical treatment of the cycloidal propeller
and its mechanical arrangemeat is of direct application to gimilar
aeronautical problems. Another example of this double atility is the
case of the wing rotor systems where the enhancement of horizontal-axis
windmill performaace indicates a means of also improving the wing
rotor as an aircraft lifting system. Other examples of the complemen-
tary usefulness of these allied technical areas may be sensed by an
examination of the cross-index tables.

The search began by looking up the citations in a number of
accumulated references. This process was repeated several times,
with the number of references involved growing to several hundred. It
rapidly became obvious that a more efficient type of search would be
necessary if the search was to be continued. This technique of looking
up the citations in each reference generally went backward in time in
the same problem area.

The contert of the material varies from the complicated theoretical
to the fascinating antique. In a review of this order, it.is felt to be
pertinent to include some of the more noteworthy older works. In the
general spectrum of aeronautical development, the present knowiedge
on HARWAS might be considered at that evolutionary level the fixed-
wing aircraft was at, say, in 1910. One point that this review may
reveal to engineers and innovators of "advanced" aeronautical systems--
me words of Mademoiselle Bertin, milliner to Marie Antoinette~-is

"There is nothing new except what is forgotten."

Naturally, other existing broad-area bibliographical coilections
were carefully examined. These would be generally:

Technical Abstract Bulletin (TAB/DDC) Indexes
and Abstracts

Government-Wide Index to Federal Research and
Development Reports (GWI/CFSTI)

Scientific and Technical Aerospace Reports (STAR/
NASA)
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International Aerospace Abstracts (IAS/AIAA)

The collection of the Defense Documentation Center was examined by
means of various bibliographical requests and machine searches.

Secondary and specific bibliographies (for example, References
46B and 47B) were examined for further background. Nearly all of the
books, periodical serial publications, and pre~1950 report material was
examined directly in the stacks of the Library of Congress. This search
has been generally through the engineering technology area and specif-
ically, in the very extensive aeronautics collection.

Besides search by the means of cross-checking other author
references, a very effective means of uncovering fresh references, lost
material, and obscure publications was the mass search by hand, piece
by piece, through pertinent journals and publications. Although such a
task could not be completed altogether, the time spent was rewarded
with many sources of unusual interest.

The earlier material published before 1920 may be of limited
technical value, espcciaily the innumerable patents. Some of this back-
ground informatior. is, however, cited in those instances where the
descriptions or disclosures show a definite understanding of the problem
at hand, an awareness of the aerodynamic forces at piay, and the
description of realistic structures and workable mechanisms. Often,
some of the earlier material is included which demonstrates an intriguing
mechanical solution or mechanism which might suggest an evolution of
ideas toward a more modern solution.

The patent literature is a special case of the technical background
and is all too often neglected in surveys such as thie, Admittedly, the
patent description is essentiaily a technico~-legal document and nearly
always aveids or purposely overlooks the use of formulas and those
mathematics so essential to the enquiring engineer. Nonetheless, if
one learns the style of reading out the technical essence of a patent
description, the results are often useful. This is particularly so to the
design engineer.

Some general comments on the patent material are in order here

to help toward a better understanding of, and a guide to, their technical
usefulness:

1. Ome of the main purposes of the patent search was
to intercept, classify, and retrieve any of the earlier material
that demonstrated any applicable realistic technical worth.
With this review of thousands of aeronautical patents, it be-
came very difficult, with the very few momen which could
be spent scanning an individual patent, to make a positive
technical assessment of the value of an inventor's idea or
device. Cne had to be able to literally, at a glance, accept or
reject the patent on the spot.
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2. One must have a general knowledge of the inventor's
intent with his patent and must not be misled by the patent's
drawing presentation (often no more than a technical cartoon)
or the technico-legal language of the body of the patent proper.
The often exaggerated proportions of the material pictured in

-patent description drawings must aiways be considered as a

means of calling attention to certain novel portions or functions
of the patent. There was always the temptation to dismiss a
perfectly sound techninal invention because of its odd presen-
tation in the drawing. Literal engineering or shop drawings
hardly ever make acceptable (to the examiner, for example)
patent presentations.

3. Most often the inventor's intent was described in
the preamble of the description or occasionally in the central
explanation of detailed functioning. The patent claims were
seldom of direct technical interest. Often a series of patent
descriptions and patented devices would appear to be repetitive
in their invention. This was often quite exasperating when one
was attempting to make quick ""go/no-go" decisions whether
to accept or to reject a particular patent. A closer examination
of the description in this case would nearly always reveal
sultatle and often very clever improvements over prior patent
art.

4. One is often at a loss as to how to handle patent
material of the 19th and early 20th centuries (up to about 1910),
especially in matters of the cyclogirc or paddle wheel concepts.
There was such a bulk of it! This search indicated that the
horizontal-axis paddie wheel system is probably the most fre~
quently used concept for aeronautical propulsion and sustenance--
possikly even by number, in excess of the screw or propeller
system. A moment's reflection shows why this is true. If one
recongiders the background of naval propulsion of this time-~the
stern and side wheelers--it was only natural to extend this thinking
to yet unproven aircraft systems. Today, this material may be
considered to be only a technical curiosity. Although the basic
mechanical arrangements are often sound, the aerodynamic
performance, with a very few outstanding exceptions (to be
described), would appear to be about nil. A total review of this
material would have been of benefit only to a patent examiner
where a search of ail prior art is required as standard patent
procedure.

5. There is no question that a patent search of this mag-
nitude was the perfect complement to the search of technical
publications, periodicals, and reports. A researcher would often
not disclose in an open journal that which he would (since he then
has protection) in a patent. The patent, therefore, often supports
the other technical publications. A patent, on the other hand, is




— e A B

M aaia 4

P

AL R IR U s et N e <

i

a very prejudiced document and is useful only for a qualitative
understanding of the function of a particular device.

The search of the patent literature at this level can be shown to be
a very useful tool. It demonatrates the abundance and availability of
ideas, most of which are in the public domain. One of the continual
temptations of the practicing engineer is to reinvent old ideas and, with
enough incentive, to expand upon them. One feature that is unmistakably
shown in a review such as this is the repeated occurrence of discovery
and rediscovery of identical ideas by investigators who are completely
unaware of the former results of identical or similar ideas, theories, or
tests. It is in this case that a review such as this can serve as a streng
tool to prevent such duplication and can serve, in its stead, as a means
of cross-fertilizing older ideas to produce new advancing ideas. All in
all, the review may well furnish that heuristic background from which
come the technological breakthroughs and state-of-the-art advances.

The patents collected herein, although fairly complete, should
not be regarded as a substitute for a final or professional patent search.

Another source of background information was sought from direct
interviews with some of the authors or inventors. Initial contact with
these interested persons was made through the use of a general inquiry
form letter which was mailed widely to persons and institutions through-
out the world. Response to this letter was moderately favorable, as
it revealed unpublished material and otherwise obscure references.
Some findings from the personal interviews resulting from this letter
have been incorporated in the previous background discussion.

As an aid to the reader, several similar biblicgraphies have been
included which cover adjacent fields of interest and application. The
cited AGARD VTOL/STOL Bibliographies (Reference 6A and its sup~-
plements) may be used for comparative systems evaluation. The
extensive FitzPatrick bibliography (Reference 15F) on natural flight
covers the older references on unsteady aerodynamic problems as
possibly encountered in most instances with horizontal-axis rotating-
wing aircraft systems, as well as most citations on insect flight aero-
dynamics. This latter area is of interest to the problem of the cyclogiro,

At the writing of this report, most of the nearly 1200 listings have
been verified with the exception of those specifically "not searched" in
the index table. The actual reference, a copy thereof, or a microfilm
version has been actually examined.

It is pertinent to mention at this point that the bibliographies
appearing at the end of reports and articles contain too high a percentage
of errors., This makes the locating of references extremely difficult.
Often the error is repeated through a series of publications, which
indicates either that the bibliographies are copied from other reports
or thaut‘ very little proofreading or checking of bibliographies is done
by authors.

The reader will make note of the fact that no classified reports
are listed in the bibliography.

(41
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Presentation of Results

Each reference citation is assigned a number to establish its
order and to identify it in the cross-index tables. The references are
generally listed in alphabetical order according to the author's last
name. In very maany instances, especially in the periodical literature,
articles of interest have been presented without the credit of a specific
author. More likely than not, this material will discuss a particular
project or the work of a specific inventor or engineer. This material
is thus entered into the body of the bibliography under the inveator's
name, placed in parentheses, and arranged in an approximate aipha-
betical manner. Many reports were found which did not specify a par-
ticular author, and these too have been entered aiphabetically by
corporate issuing agency name or titie.

Some of the references, especially those of a report nature, could
be cited as published from more than one publication source. Thus, for
example, a thesis may appear as a laboratory report, a journal article,
or a meeting preprint. In such instances of multiple publication, the
most readily available retrieval source is cited, and the alternate
sources are briefly noted.

In the instance of the translation of foreign material into English
text, the English reference source is given as the primary citation,
with the original foreign language reference noted.

Patents are cited in aiphabetical order by the inventor's last name.
Inventors will often patent the same inventicn in one or more countries.
In cases where this has happened, the United States or British English
language patent is considered to be the primary citation, and the alter-
nate foreign patents are noted.

The slant mark used with some British numbers is preceded by
the last two numbers of the official A.D. (anno Domini) date. Until
about 1613, British patent numbers were repeated annually. In general,
six-digit numbers on British patents do not need the A.D. date for
complete identification. Several of the cited British patents are not to
be found in the collection of patent specifications and drawings but only
in the British patent abstracts. These omitted patents were never
formally issued. In some instances, foreign patents are issued in the
name of a firm, and this name is used because the inventor remains
anonymous.

Explanation and Key to the index Tables

A series of cross-index tables is included to provide a skeleton
form of reference abstracts and to provide a quick means to determine

the coatent and availability of references. With these tables it becomes
possible to search out a combiration of subject or interests to a number

of specific sources. By scanning the appropriate columns of descriptors,
the scope of a particular reference may be quickly determined.

6
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For the fullest understanding and use of the cross-index tables,
the following key to some of the descriptors will serve to broadly
explaln their coverage:

1. Cyclogiro or Cycloidal Propulsion. This category
: includes and broadly covers aeronautical or marine lift and

: propulsicn devices in which a multibladed feathering rotor
system is rotated about a specific axis. In aircraft, this
axis is usually horizontai; in marine applications, vertical.
This group may also include devices which also extract
energy from a moving fluid medium (mills or pumps).

w

2. Wing Rotor. This category includes winged systems
in which a fixed-geometry foil or blade rotates about an axis
to produce thrust and, in the case of mills, torque. Thrusat
or lift is'produced on these vaned devices f)y Magnus effect.
' Most of these devices autorotate in an air stiream, and power

may be extractedl from the axis shaft. Lift may be enhanced

in the wing rotor system by driving the system above its
natural autorotating condition by an exterior power source.
The wing rotor must be impressed in a moving curreat to pro~
duce thrust or resultant forces.

P = I

3. Magnus Cylinder. This group includes a cylin-
drical rotor device operating much like the wing rotor to pro-
! duce thrust or lift by Magnus effect. Unlike the wing rotor,

it must be rotated by power, and, as a cylinder, it cannot
absorb power in itself firom a moving current. Like the wing

rotor, it also must be impressed in a moving current to pro-
duce iift cr thrust.

Preae

4. Cross-Flow Fan. This group includes a multibladed
fan or pump device not too unlike certain cyclogiro systems but
with a fixed geometry. Like the cyclogiro system, the cross-
"flow fan will produce static thruest when its shaft is power
driven. As there is a large general description of this fan
system in the engineering literature, the reader is referred to
: References 3E and 4E for a review in this area. The cross-flow
: fan, or fangential blower a3 it is sometimes called, may have

a rotor with blades shaped somewhat like those of a forward
s . curved cenirifugal fan impeller. Unlike the common squirrel-
3 cage fan rotor, both ends of the rotor or impeller are sealet,
: and the rotor is fitted into a casing or shroud in which the air
enters at the periphery on one side, passes through the rotor,
. and leaves on the peripheral face at the other side. Refer-
ences included here describe this fan as appli®d to V/STOL
aircraft oaly. .

. 5. Other. This gfoup includes various other gystems
which have been suggested, tested, or built in which a winged
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or rotor system rotates about a horizontal axis. Among these,
for example, is the Thrust Wing (German), Helicoplane
(French), or Radial-Lift Concept (Curtiss-Wright), in which
an especially designed VTOL propeller blade and feathering
mechanism may be arranged to directly furnish a substantial
vertical component of lift while the propeller axis or rotation
is nearly horizontal. Also, miscellaneous devices of interest
are loosely classified in this category.

6. Theoretical Exposition. This category includes
references in which an analysis is presented toward the
understanding of a phenomenon oy toward the answer to a
specific problem. The text may be merely 2 hypothetical
discussion or may be supported by detailed mathematical
and graphical formulations. For a more comprehensive
means of determining the content and method of approach
of the fully theoretical references, it is suggested that the
reader first review related summaries in the interpretative
i'gview e:ind cross-index tables those.items called out in:

- Review.

7. Performance. This group includes a gualitative
and/or aﬁuani:il;ative discussion of performance, range, etc.,
especially that of the complete system.

8. Stability. This group includes a qualitative and/or
quantitative discussion of stability of a compiete flight system
and its criteria.

9. Control and Maneuverability. This category
discusses in 3 qualitative and/or quantitative manner, con-
trollability, control means, and mechanisms. Mauneuverability
iz discussed primarily with reference to marine systems.

11. Phenomenon Deraonstration. Discussion and
demonstration of basic HARWAS fundamental flight mechan-
ics such as in the deflection of spinning missiles in flight,
the autorotation of free-falling cards and shapes, the
curved flight of baseballs, the tumbling of aircraft, and the
like are discussed under this heading.

12. Review. A category in which the reference covers
an interpretative, comprehensize background review and
evalaation.

18. Comment of Interest. A usuvally brief statement or
clipping often accompanied by a photograph or drawing describing
a matter of some technical importance. Usually the content of
the statement does not warrant the full attention of a report
or article, yet it is not altogsether trivial for its background.

8
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14. Aircraft Sustentation. This category pertaias to
an aeronautical system which is concerned primarily with
the production of lift.

15. Aircraft Propalsion. This category pertains to
an aeronzatical system which is concerned primarily with
the production of thrust.

When both items 14 and 15 are checked, the system may
usually be considered tc be that of a fully controllable
cyclogiro device.

16. Marine Propulsion. This category pertains to a
nautical system concerned solely as a thrust-producing
device. Below the waterline, this may be a cycloidal pro-
pelier; above, it may be a sailing Magnus or w ng rotor.

17. Complete Aircraft. The system as applied to a
complete flying article as opposed to a test compounent will
be discussed under this heading.

18. Complete Ship. This group discusses the complete
marine system, including problems of hull hydrodynamics,
interference, and overali pericrmance.

19. Rotating Flap or Slat. This category pertains to
an autorotating or powered wing rotor or Magnus cylinder
used in conjunction with a fixed aircrait to enhance lift circu-
lation and/or to energize the boundary layer. Such systems
are to be considered as auxiiiary to the main lifting wing. :
They may be located at or near the trailing edge (gap) in or
near the leading edge (slat), or above or below the main wing
serface. They may, at times, be retracted or faired into
the structure of the fixed wing.

20. Convertibie Rotor to Wing. These are systems in
which the rotor (wing rotor or cyclogiro) may be stopped and/or
started in flight are discussed under this heading. The blade
of the stopped rotor is then considered io be a fixed lifting wing
of the converted aircraft,

22. Rotor-Rotor. This is a system peculiar to the wing
rotor or Magnus cylinder in which the horizontally rotating
rotor system is corotated about a vertical axis or shaft. In
essence, the rotor then may be considered to be a2 replacement
for fixed blades (say, for example, in the case of thrust propel-
ler). This group may 2iso apply to decelerators, windmills, etc.

22. Device (Gther Than Aircraft or Marine System. As

indicated by the following key letters, HARWAS may be applied
to the following devices:
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Bomblet

Control Device
Deceierator

Fluid Motor or Meter
Kite

Windmill

23. Feathering Piich System. Refer to Figure 92 for
key. This category classifies cyclogiro feathering systeras
by blade motion relative to rotor axis of rotation.

ExmoQw
[ 2 T T B T |

24. Rotor Systems per Installation. A rotor system
is considered to be that independent collection of cyclogiro
rotor blades or wing rotor vanes that, together, function as
a singular lifting or thrusting system., Thus, the arrange-
ment for Figure 64 is considered to have one rotor, that of
Figure 68 is considered to have two, and that of Figure 59 is
considered to have four rotor systems.

25. Number of Blades per Rotor. Rotor systems may
have one or more biides as numbered in index. M stands for
multiple, more than eight. Savonius wing rotor systems are
considered to have two blades per rotor.

26. Blade or Rotor Profile. This category discusses
profile or cross section of rotors, a prominent parameter
in wing rotor studies. Subindexed in the following manner,
they are:

- Conventional

Cyliader

Driving or Auxiliary
Vanes System

Ellipse

Flat Plate

Regular Geometric Shape

Irregular Geometric
Figure

Lenticular

Powered, Driven by
External Source

- Rectangular, May Have

Rounded Edges

- Semicirsular Halves,
Savorius

Cruciform, Three or
Four Points

M n ¥ YU =QEE OO
t o0

27. Tip Path Other Than Circular. In cycloidal pro-
pulsion rotors, the blades usually sweep out the surface of

10
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4 a cylinder, bat, in some (mainly aeronautical) arrangements,
; they may describe a cone or other irregular truncated devel-
4 opments (in an attempt to simulate insect wing motions).

28. Auxiliary to Fixed Wing. Rotor systems are used
4 to increase lift or drag. They may stop, start, convert,

3 retract, or otherwise supplement aircraft control or perfor-
3 mance.

1 30. Flight or Drop Test. The test in which horizontal-
! axis rotating-wing aircraft systems are flight-tested or
: dropped in wind tunnels (both horizontal or vertical), from

£ aircraft, balloons, or towers is discussed under this heading.
E 58. Presentation.

B - Book
3 P - Patent Description

R - Report

S - Serial Publication

T - Thesis

. 59. Classified. References under this broad classifi~

3 cation may be considered to have limited distribution to one

] degree nr another. They may be generally considered to be
Secret, Confidential, Resiricted, Limited, Controlled Access,
or not available for foreizn circulation. This material iz to
be found in a supplementary report.

60. Company Proprietary. Material which is limited
in its distribution and availability, in that it is usually gen-
erated for a particelar .organization for in-house knowledge
or husiness fails under this heading. These references may
consist of proposals, laboratory reports, etc.

k 61. Not Generally Available. This category refers

to references which are not available to the general public at
the tire of this writing for a variety of reasons. Also see
Index Items Nos. 5% and 60.

. 64. Not Searched. This category is cited where the
references were not examined by the authors because of their
immediate unzvailability and the lack of time required to search
for them. The reader may therefore only know of their exis-
tence, sense the content from the title, and hope to have

better access to sources,

Status and Retrieval of References

Nearly all of the bocks, journals, serial pubiications, newspapers,
general publications, and reports issued before 1950 are to be found in

11
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the ccllection of the Library of Congress, Washington, D. C. This
material is readily available for examination at that library. A limited
amount of this material (that is, that material which is not specifically
copyrighted) may be copied by the photoduplication service of that
library. Much of this material may also be obtained outside of Wash-~
ington, D. C., on a library loan basis.

An zlternate source for some of this earlier material, and for
much of it that has been published since then, is the Technical Informa-
tion Service, American Institute of Aeronautics and Astronautics (ATAA).

Those German World War I aeronautical publications that for-
merly were part of the Defense Documentation Center collection are to
be found in the microfilm collection of the National Air Museum, Wash-
ington, D. C. Those German documents with Department of Commerce
Publication Board (PB) numbers may 3lso be purchased through the
{ggular Clearinghouse for Federal Scientific and Technical Information

Those individuals or organizations within the Government or
working on Government contracts, if presenting the proper field oi
interest register and other requirements, can obtain most of the
Government-sponsored reports issued since 1950 from the Defense
Documentation Center (DDC). All of the NACA/NASA reports, memo-
randums, notes, etc., are available, in a similar manner, from the
NASA Scientific and Technical Information Facility.

Domestic and foreign patents may be directly examined in the
search rooms of the U. S. Patent Office, Washington, D. C. Domestic
patents may be purchased by mail, for cash ($. or special coupons,
from the U. 8. Patent Office, Washington, D. C. Only the patent
number is required to identify the order. Foreign patents are also
kept in the Patent Office library in bound volumes by number or classi-
fication. Zerox copies may be made {or $ . 50 per page only at the main
Patent Office. Domestic patents may be examined in one of the 22 patent
copy libraries around the country. In order to examine patent material
outside Washington, D. C., refer to: "How to Obtain Information From
U. S. Patents"”, U. S. Department of Commerce, Patent Office, Wash-
ington, D. C. (for sale by the U.S. G.P.0., Washington, D. C., $.20).
Foreign patents may best be obtzined by writing directly to the foreign
patent office in question. The current addresses of these offices and
their patent costs are described in the front portion of each issue of

12
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ANALYSIS

I. HORIZONTAL-AXIS LIFTING DEVICES

A. MAGNUS EFFECT AND RELATED SYSTEMS
1. Wing Rotor (Rotating Airfoil) Decelerators

a. Introduction

Some aerodynamic properties of autorotating or forcibly
rotated cylinders and airfoils were investigated even prior to
the beginning of aviation. It was Maxwell who wrote the earliest
(1853) known paper on the subject (Reference 41M). That en-
tirely nonmathematical paper tried to explain the curious be-
havior of an oblong card which, left to fall freely in the air,
started immediately to rotate about its longitudinal axis while
deviating from the vertical in the horizontal direction perpen-
dicular to the axis of rotation. Steady "terminal"” conditions are
soon reached, in which speed, rate of rotation, and path angle
are all constant. This simple experiment revealed at once two
important properties of an "aerofoil of large aspect ratio'": (1)
ability to autorotate; (2) ability, when rotating in an airstream,
toc create an asymmetrical pressure distribution, resulting in
a force normal to both axis of rotation and mainstream velocity.
About the same time, the famous '"Magnus effect' on rotating
circular cylinders was discovered, but it was not until the
Kutta-Joukowski theory of aerodynamic lift appeared some 50
years later that a more general understanding of the "lift
through circulation" principle became possibie.

Very little has been done to exploit the use of airfoils
rotating about a horizontal and transverse axis for generating
lift in aircraft. The basic reason is that a rotating airfoil as
the main lifting surface of an aircraft can generate high lift, but
this is accompanied by a correspondingly high drag, so that it
will have a lower lift-to-drag ratio than the corresponding fixed-
wing configuration. The configuration is not competitive for
standard aircraft applications.

Such rotating wings have been proposed in recent years
for other aeronautical uses, particularly as "aerodynamic
decelerators", for the air-to-ground precision delivery of cargo
payloads. Such applications will be discussed in detail later in
this section. The main features of the aerodynamics of roiating
airfoils will first be reviewed. Aerophysics Company suggested
in 1964 that devices embodying the use of sin%le airfoils rotating
about a horizontal and transverse axis be calied "wing rotors'.
Tllxils name will be used extensively in the discussion that
follows.

13
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b. Pictorial Review

Magnus' original experimental apparatus, by means of
which he established the existence of a side thrust on a rotati
cylinder in an airstream, is shown in Figure 1 (Reference 13%.
Thus, in Figure 2A, a stream of air is continuously discharged
from the radial blower F as long as the crank-wheel E is kept
in rotation. This air impinges upon the rotating cylinder and
the deflection of the airstream will be indicated by the weather-
vaning of the pivoted surfaces a and b. In Figure 2B, the radial
blower discharges air onto the heavy brass cylinder mounted
between bearings a and b. This Magnus cylinder is set into
prolonged rotation by means of the small pulley e and a quickly
pulled and unwinding starter string. The Magnus effect on the
system will now cause the spinning cylinder, along with its
supporting beam y -z, to slowly rotate in a horizontal plane
about the vertical axis c-w. The lower board B~ A, which also
carries the blower F, is so arranged with the vertical pivot,
that it will tend to rotate and iag behind the moving Magnus
cylinder, thus demonstrating the continuous side or Magnus
force produced by the rotating cylinder.

The original autorotating wing rotor device with a useful
payload, found in nature, the locust tree seed pod (Robinia
pseudoacacia), is shown in Figure 1.

Figure 1. The Original Autorotatiu§ Wing
u

Rotor Device With Useful Payload
Found in Nature: The Common
Locust Tree (Robinia pseudo-
acacia) Seed Pod.

‘The first measurements and grimitive theory on wing
b

rotors were made by Ahlborn in 1897; his apparatus and typical
trajectories are shown in Figure 3.

14
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Figure 2. The Original Experimental Arrangement
by Mugnus in Determining the Side Thruet .
Y on a Rotating Cylinder in an Alrstream. $
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Figure 3. Firat Wing Rotor Performance Measurement and
Theory by Ahlborn in 1897 (Ref. 8A). Autorotating
Metal Plate Released From Tower as Shown.
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Koppen's wing rotor glider (1808}, of which models
were built, is shown in Figure 4.

Another early wing rotor system, devised by Ames, is
ghown in Figures 5 and 6.

Several airplanes using Magaus cylinder 1ift for their
main sustentation have been proposed at various times. Two
such odd configrrations are shown in Figures 7 and 8.

Wing rotors have often been uged as toy kites.

A serious attempt was made in the thirties in France
by Chappedelaine to develop an airplane with a main vwirg
rotating about a horizontal axis. The "Aérogyre', show: in
Figure 9, was built and flown. However, it crashed, aad the
project was abandoned. Perfermence of the aircraft is shown
in the performance curves of Fizures 15 and 16 (References
16C through 26C).

This project, though unsuccessful, is worth more than
a passing mention, because the aircraft was basically scuad.

The reason that Chappedelaine used a rotating wing was that

he knew he could obtain a higher lift out of a rotating wing,

either autorotating or self-powered, than out of the same wing
operating as a fixed wing. He intended to use this feature for
takeoff and landing only, and to lock the wing for cruise flight.
The "Aérogyre" type aircraft thus would have been a short

takeoff and landing (STOL! airplane with the high cruise efficiency
of the fixed-wing airplane and the additional safety of the auto-
rotational landing.

Modern versions of tie Aérogyre" type aircraft have
been proposed in the United States (Foshag, 1947; see Figure 11)
and, very receatly, in Germany (Horstenke, one of whose
models is shown in Figure 12).

As a result of work done in Germany at the end of
World War II, recent interest has been expressed in using
rotating airfoils, not as main lift units but as auxiliary high~lift
devices on aircraft wings. Crabtreez in 1957, reviewed the
state of the art (Reference 52C). Following work done by
Alvarez-Calderon since that time {(References 18A through 244),
NASA/Ames is currently testing a rotating cylinder flap or a
COIN-type aircraft (Reference 3iA). Noncylindrical rotating
devices can also be considerad; two such configurations are
shown in Figure 10,

Most research and deveiopment work currently per-
formed in the United States on Magnus rotors and wing rotors
is related to the dynamics and aerodynamics of bomblets. This

17
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Figure 4. Early (1903) Wing Rotor Glider Project Demonstrated
by Koppen as Model (Ref. 52M).

Figure 5. Navy-Assisted Magnus Effect Aircraft by Ames (1910)
Mounted Atop Fast Steam Launch (Ref. 26A).

18
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Figure 6. Further Autorotating and Powered Wing Rotor Systems
by Ames (Ref. 25A). .
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Figure 7.

Figure 8.
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Zeparka Magnus Rotor Aircraft. Possibly Flown
Full Size Briefly in 1930 (Refs. 2Z Through. 12Z).

Guest and Popper Fuil-Size Mzgnus Rotor Aircratft.
Ma2in Engine 85 HP. Serrated and "Pocketed"
Rotor Surface to Enhance Circulation (Refs. 53G
Through 58G).
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Figure 9.

The Chappedelaine-Desgrandechamps-Cauc' on
"Aérogyre" Being Rigged and Shown in T). : Views.
Several Flights in 1934, Lower Wings Rotaic and Lock
for STOL Conversion. (Refs. 16C through 26C).
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Figure 10. Recent (1866) Adaptation of Autorotating Wing Rotoxrs
to Trailing-Edge Flus Systems To Turn the Flow
Over Flap. (From Brunk, Refs. 84B and 86B,)
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Figure 11. Eight-Foot Wing Rotor Sailplane (1947) Demonstrating

Good Flight Performance aad Stability About All Axes.
(Ref. 65F).

Figure 12. Successful Powered Wing Rotor Model by Horstenke
(Refs. 52H Through 59H). The Larger Model
Is Controlled by Radio Command.
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work is concentrated at the Edgewood and Detrick facilities,

as far as the Army is concerned, and at the Air Force Arma-
ment Laboratory, Eglin Air Force Base, as far as the Air
Force is concerned. This work is mostiy of a classified nature
and will not be discussed further here. It is summarized in the
Proceedings of the Conference on Dynamics and Aerodynamics
of Bomblets, which took place at Eglin Air Force Base, Florida,
September 26-28, 1967.

c. Aerodynamics and Dynamics of Wing Rotors

A conventional airfoil or wing placed in an airstream
will not usually autorotate if its center of pressure and its °
chordwise ceater of gravity approximately coincide. One can,
however, create a stroog pitching moment and cause auto-
rotation of any airfcil by moving its center of gravity backward,
sufficiently far from the center of pressure. Similarly, a flat
plate, a modified rectangular shape, or a cylinder with driving
vanes will autorotate; the Magnus amooth cylinder is about the
only one that will not. Actually, there are considerable differ-
ences between the wing rotor and the Magnus cy’ .der. The cir-
cular cylinder enforces circulation through viscosity alone and
must be driven to overcome the resisting frictional torque;
the circulatory motion of the air exhitits a complete axial
symmetry and, thus, in steady conditions, should not differ
much from an idealized "linear vortex", so that the usual for-
mula L = eVl‘ (L is _the lift, the density, V the trans-
lational velbcity, and [ the cir ion) should apply, at least
approximately. In the case of a wing rotor, the velocity field
is more or less unsteady and much more complicated, involving
some significant radial out-and-in flow. In the presence of a
mainstream, the mean aerodynamic torque will be positive
(driving) at fow rotational speeds and negative (resisting) at
bigher rates of rotation, sc that the airfoil without an external
irive will autorotate at some intermediate rate. A significant
lift sppears in such conditions, bat it may be increased several
times if the airfoil is driven by external power so as to acquire
much higher rotational speeds than the autorotational one. At
such speeds, the velocity field outside the cylindrical volume
swept by the airfoil becomes more steady and may approach
the form of a linear vortex field. .

The theory of fluid motion asscciated with a rotating
airfoil presents snormous difficulties. No successful analytical
attempt has been macie thus far to determine the aerodynamic .
characteristics of the rotating airfoil. An extremely crude
estimate of 1lift for the two-dimensiona) case has been sug-
gested, based on the concept of an iGealized linear vortex
whose circulation is assumed to be r