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FOREWORD

In the second edition of his book, Dr. Hoerner has added two
chapters on hydrodynamics; the title has been changed accordingly.
It 1s certain that this expansion of scope will meet with approval from
all who are working in the field of “fluid dynamics”.

I see no reason for any material change in the foreword given in
the first edition (“Aerodynamic Drag”, May 1951). What is said there,
applies to the second edition with obvious minor modifications. I have,
therefore, suggested that it be so revised and included as follows.

When Dr. Hoerner asked me to read his manuscript and write this
foreword, I consented to do so, but with some misgivings regarding
the nature of a book carrying the title AERODYNAMIC DRAG. Al-
though Dr. Hoerner is known as a highly competent aerodynamicist,
it did not seem possible within the scope of the title to do much more
than prepare another compilation of drag data.

My first impression on reading the text was one of great surprise
at the magnitude of the author’s achievement. He had succeeded in
producing an outstanding treatment of the subject; so that we now have
an entire book concerned with but one of the six components of the
total aerodynamic force. And it is not just another book. It is an ex-
ceptionally well written, systematic treatise showing a splendid balance
between the theoretical and the experimental approach. The presen-
tations are always made with great clarity, even in those cases where the
author has had some obvious difficulties working in a new language.

It is safe to predict that this volume will be well received, not only
by aeronautical engineers but also by all who have any concern what-
ever with aerodynamic or hydrodynamic drag. The whole field of trans-
portation is involved, and many will find here for the first time a readily
usable compilation of basic data.

I take great pleasure in being the first to congratulate Dr. Hoerner
on his contribution to aeronautical progress.

Only those who have tried to evaluate, to compile, and to corre-
late data in the form as it has been done in this book, can fully appre-
ciate Dr. Hoerner’s effort.

WASHINGTON, D. C.— August 1957 WALTER S. DIEHL
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AUTHOR’S PREFACE

In 1951, the author introduced the first edition of his book, entitled
“Aerodynamic Drag”, in part as follows:

It 1s the author’s objective in this book, to present information on drag
or fluid-dynamic resistance in a comprehensive, generally-valid and in-
telligible manner to students, engineers and researchers. The text is
not always a “handbook”, however, giving ready results. The reader
is expected to work out the desired information himself, considering
cause and effect involved in the problem he wants to solve.

It is primarily the aeronautical engineer who is interested in aero-
dynamic drag problems, so that he can predict and possibly improve
the performance of airplanes. The principles of aerodynamic drag, many
detailed data, and some special sections in this book should, however,
find interested readers in several other fields of engineering as well — in
the design of automobiles, in shipbuilding, in the construction of chim-
neys (wind loads), in the design of high-speed railroad trains, in ma-
chines applying aerodynamic or hydrodynamic forces, and finally in the
design of ventilation systems.

“Aerodynamic Drag” was originally written in 1945 and 1946, as a re-
sult of the author’s experience in German research- and industrial or-
ganizations (such as Junkers and Messerschmitt). Many additional and
more recent data have been added, however, during the translation in
the following years. Subsequently, the technical publishing houses in
New York City were not found to be confident enough to bring out a
book as specialized as this one. The author, therefore, decided to do the
publishing himself.

The following information is now added on “Fluid-Dynamic Drag”:

Progress in aerodynamics is rapid in these years. The volume of infor-
mation published during the last five years is very large. A second edi-
tion of “Aerodynamic Drag” could, therefore, not very well be a reprint.
Instead, every section of the text has been worked over and numerous
improvements and additions have been made, in an effort to keep the
publication up to date. This is particularly true in compressive and su-
personic aerodynamics, which are now presented in three chapters.




Besides air, the medium of water is most predominant in practical ap-
plications of fluid dynamics. The author was happy, therefore, to have
the opportunity during the last years in New York City, to participate
in research and design of ships and hydrofoil boats — and to acquire in
this way personal experience in water flow too. As a result, two chapters
on hydrodynamic resistance have been added to the essentially aerody-
namic content of the first edition. The title of the second edition has
been adapted accordingly.

Another chapter has also been added, presenting wind loads on various
types of structures, especially buildings.

After acquiring some experience as his own publisher, the author could
not resist repeating the procedure in the second edition. Appearance
of the text and readability of the illustrations have been improved. The
author feels much indebted to the typesetter, the printer and the book-
binder — for having produced the book very skilfully.

The 1965 edition differs from the preceding one, as follows: A num-
ber of misprints and some mistakes have been eliminated. “Drag in
cavitating flow”, in Chapter X, has been rewritten. Hypersonic char-
acteristics such as in missiles and re-entering vehicles, are presented
in an added chapter. The “atmospheric properties” in Chapter XIX,
have completely been rewritten. A section has been added, dealing
with the aerodynamic drag of satellites. Chapter XX is also new. In-
formation on wvarious subjects of drag, ranging from base-vented
hydrofoils to characteristics at supersonic speeds, has been collected
in this chapter.

NEW YORK CITY — AUGUST 1964 SIGHARD F. HOERNER

THE AUTHOR studied mechanical engineering at the Institute of Technology in Miin-
chen (DiplIng.), he earned a degree as Dr.-Ing. in aerodynamics at the Institute of
Technology in Braunschweig, and he obtained a degree as Dr.-Ing.habil. from the TH
Berlin. He served at one time as research assistant at the Deutsche Versuchsanstalt fiir
Luftfahrt (DVL, near Berlin), as aerodynamicist in the Fieseler Corporation (working
on the first STOL airplane, the “Stork™) and later for a time as head of design aerody-
namics in the Junkers A.G. He was then research aerodynamicist at the Messerschmitt
A.G. After World War II, the author was invited to come to the United States, where
he worked in aerodynamics at Wright Field, Ohio. For some years he has been acting as
specialist for aerodynamics and hydrodynamics in the field of naval architecture at Gibbs
& Cox, Inc., New York City.
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CHAPTER | - GENERAL INFORMATION

This first chapter is intended to be a general intro-
duction to FLUID-DYNAMIC DRAG, pointing out
approach and philosophy in treating the subject. The
chapter also presents necessary and/or useful infor-
mation of a general nature, such as a notation and
the physical properties of the fluids concerned.

1. NOTATION — ABBREVIATIONS

Most of the abbreviations and symbols used through-
out the book are listed as follows.

BIBLIOGRAPHICAL REFERENCES indicating
the sources of theoretical methods or experimental
results used or quoted throughout the text and in
the illustrations, are presented in the form of “foot-
notes”, placed at the bottom, usually of the odd-num-
bered pages. Within the text, the references are
usually referred to in parentheses.

Documents. Technical reports (or memorandums)
have been quoted extensively in the text, particularly
those issued by NACA and NASA. Although the
documents used are not classified, they may not
readily be available to the public in general. The
referenced German documents may be accessible
through the Armed Services Information Agency in
Dayton, Ohio. A source for more recent technical
information is the Defense Documentation Center,
Cameron Station, Alexandria, Virginia 22314.

There are two methods available in order to find in-
formation on a particular subject in this book. The
first is by the Table of CONTENTS, beginning on
page 0-7. The other way is through the use of the
INDEX at the end of the book.

Abbreviations, listed as follows, are employed within
the footnotes quoting bibliographical references:

N ASA Nat'l Aeronautics Space Administration
N ACA Natl Advisory Committe for Aeronautics
T.Rpt Technical Report of the NACA

T.Note Technical Note of the NACA

W.Rpt Wartime Report of the NACA

T.Memo  Technical Memorandum = Translation

Transl Translation (into English)

RM Declassified Document by the NACA
ARC British Aeronautical Research Council
RM Reports and Memorandums of the ARC
C.Paper  Current Paper of the ARC

AVA Aerodynamische Versuchsanstalt Gottingen

DVL Deutsche Versuchsanstalt fiir Luftfahrt
ZWB Zentrale Tech.-Wi’schaftl. Berichtswesen

FB Forschungs Bericht of the ZWB

UM Untersuchungen-Mitteilungen of the ZWB
D.Lufo Deutsche Luftfahrtforschung (Yearbook)
Lufo Luftfahrtforschung (German periodical)

Ing.Arch. Igenieur Archiv (German)

ZAMM Zeitschr. Angewandte Math. Mechanik
J-A.Sci. Journal of the Aeronautical Sciences
IAS Institute of the Aeronautical Sciences
ATAA AmlInst of Aeronautics and Astronautics
ASME Am. Society of Mechanical Engineers
CAHI Central Aero-Hydrodynamic Inst. (Moscow)

Ref Reference = Footnote

Rpt(s) Report and Reports, respectively
Trans Transactions of a Society

Proc. Proceedings of a Society

Soc. Society (Engineering)

TMB David Taylor Model Basin

NAME Naval Architects and Marine Engineers
Inst. Institute (or Institution)

INA Institution of Naval Architects (England)
STG Schiffbauteschnische Gesellschaft
AGARD NATO Adv. Group Aeron’l Res. Devel.
WGL Wissenschaftl. Gesellschaft f.Luftfahrt




SYMBOLS IN EQUATIONS AND GRAPHS. With
some exceptions, the symbols employed throughout
this book are those accepted or recommended by the
NACA and the American Standards Association (1).

“Fluid-Dynamic” Dimensions

N ¥ ¥t - xwoorao T

wing span (or width of a body)

chord of airfoil section

diameter of a body of revolution

total boundary-layer thickness

height of a body; also TE thickness
diameter of sand grain (also other meanings)
length of a body (in x-direction)

area (“‘wing” area if without subscript)
maximum foil-section thickness
momentum thickness of boundary layer
length of forebody (to max. thickness)
dimension in direction of flow

dimension transverse to flow direction
altitude above sea level

“Fluid-Dynamic” Ratios and Factors

SRmED0 e

(=N

LA
)

— b?/S = aspect ratio of wings

= 1/A = length ratio = “c’’/b

indicating effective aspect ratio

camber ratio of foil sections

specific heat ratio in gasdynamics

constant or factor (used in many definitions)
constant or factor (used in many definitions)
fineness ratio of body of revolution

indicating solidity ratio

thickness ratio of sections

Terms Associated With Speed

GO® mZE LR <

uPn

flow- or flight speed (between body and fluid)
local velocity at specified point of a body
downwash velocity (behind wings)

internal velocity (in ducts)

= V/'a’= Mach number, with 'a’= sonic speed
Reynolds number (always with subscript)
= ¥/g = mass density of the fluid

dynamic pressure (see Chapter I)

impact pressure (see Chapters XV and XVI)
Prandtl factor (see chapter XV)

engine power (usually in HP)

absolute temperature (in degrees “Kelvin™)
thrust of propeller or jet engine

absolute static pressure in 1b/f¢

vortex frequency (per second)

Strouhal number = f 1I/V

FLUID-DYNAMIC DRAG

Fluid-Dynamic Coefficients

(X ]

drag (or resistance), in “x
=D/qin f€ = drag area

on effective dynamic pressure (Chap. V)

for induced drag (of wings)

for profile or section drag (of wings)

based on frontal area of body

on circumscribed area

on wetted surface area of a solid

skin friction drag (on wetted area)

life (in “y” or “z" direction)

lift coefficient = L/q S

for drag associated with lift

= Ap/q = pressure coefficient

= 0.5 C_V ¢ = circulation about foil section
pressure-loss coefficient

direction

Geometrical and Other Angles

T moTIe R

angle of attack, especially of wings

angle of yaw or sideslip

angle of dihedral (of wings)

angle of sweep (of wings)

angle of deflection of flaps

half vertex angle of cone or wedge shapes
Mach angle (see chapter on ‘‘supersonics”)

In Shipbuilding and Vehicles

su:—c-v—r—-

pris

a6 "0

water-line length of a ship

average wetted length of planing surface
beam of the hull

draft or submergence

resistance = drag

weight (in Ib)

displacement in long tons (2240 lb each)
prismatic coefficient

Froude number (in the “hydrodynamics” chap.)
cavitation number (see “hydrodynamics™)
displacement (volume) in ft3

General Subscripts and Exponents

amb
av
crit
eff

indicating ambient condition
indicating mean ‘“average’

critical (Reynolds or Mach number)
or “e’ = “effective”
indicating “minimum’”

a general exponent

original condition

= optimum, as defined in text
or “max” for “maximum”

for distance from L’edge or nose
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Specific Subscripts

a indicating “added” or “attached”
b indicating reference area b?
B for “base” (also propeller blade)
¢ indicating reference area c?
comp = compressible or compressive
A indicating displacement

f for “frictional” (also for “fuselage’)

H  for horizontal tail

i indicating “induced” (also “effective”)
inc indicating “incompressible”

lam = laminar (boundary layer)

lat  for “lateral” forces

m  indicating main body (also as exponent)
M  for momentum (internal flow)

N  indicating “‘normal” force

O  on *developed” parachute area

p  for pressure, also indicated by “P”

t indicating reference area t2

turb = turbulent (boundary layer)

w  pertaining to speed “‘w”

W  indicating “weight” or “wave”

wet == wetted area (in contact with fluid)
X or “ext” for external

. indicating frontal area of body

u| on circumscribed area

The Reynolds number “R” and the Froude number
“F” usually carry a subscript, indicating the dimen-
sion upon which they are based. Angles are usually
presented in degrees, and marked correspondingly.
Without such notation, they are usually meant to in-
dicate a ratio. Some other symbols and subscripts
are used and defined within the text, or they are un-
derstandable without explanation.

Abbreviations. The author has taken the liberty of
using some abbreviations throughout the text and/or
in the illustrations, respectively:

BL = boundary layer

LE = leading edge

TE = trailing edge

Ref = reference (footnote)

Equ = equation
Also “Reynolds number” is sometimes abbreviated
to “R’number”’, Mach number to “M’number”,

“boundary layer” to “B’layer” and “aspect ratio” to
“A’ratio”. Instead of the laborious phrase “approx-

imately equal to”, the author has very often substi-
tuted the symbol “==".

2. GLOSSARY OF TERMS AND NAMES

There are many specific terms partly developed dur-
ing the last 50 or more years, used and understood by
every specialist in the field of fluid dynamics. For
the benefit of readers from other fields of science or
engineering, the more important ones of these terms
are briefly explained as follows.

“Airfoil” is a lifting surface, either a wing or one of
the tail surfaces of an airplane or any other, usually
profiled surface producing lift or a force in any other
direction normal to the direction of flow. In water,
the same type of surface is called a hydrofoil; and the
common short word is “foil”. In contradistinction,
“wing” is that airfoil which essentially carries the
weight of an airplane.

Boundary Layer is a comparatively thin sheet of de-
celerated fluid originating through friction along the
surface of solids. The “B'layer” can have either a
laminar flow pattern (at small Reynolds numbers);
or it may be turbulent (at higher R’numbers). Pres-
ence of the boundary layer can cause flow separation
(see under that heading). Proper consideration of the
boundary layer (4) has opened the way to theoretical
treatment of certain flow patterns.

Cavitation. Voids or cavities are formed in water (or
in other liquids) when and where the static pressure
is reduced below the vapor pressure. The water then
vaporizes thus forming bubbles as in boiling water.
Cavities comparable to those in water are also formed
in air; namely at hypersonic speeds where a vacuum
can be obtained behind bluff obstacles. It seems that
lightning is an example of this sort; the thunder being
the result of the collapsing cavity. — Cavitation must
not be confused with “separation” (see later). A phe-
nomenon similar to cavitation is “ventilation” (see
in the “hydrodynamic” chapter).

Circulation (7) is the motion of a fluid “circulating”
around a certain axis; it is the motion representing a
vortex in non-viscous flow; its dimension is (ft2/sec).
Every fluid particle moves about the vortex center
basically in the same manner as the cars of a Ferris
Wheel. Each of these cars remains in horizontal po-
sition, while circling around the wheel’s axis. In other
words, the non-viscous motion within a vortex is “ir-
rotational”’; see under ‘“‘rotation”.




Compressibilty is the quality of a fluid, and of gases
in particular, of reducing in volume when the static
pressure is increased. In place of “compressible”, the
word ‘“‘compressive” has recently been proposed to
indicate the active property of velocity or pressure in
distinction from the passive quality of the fluid as
such. Both of these terms are applied in this book
(making the distinction as defined above, as far as
possible). — Water does not have compressibility
worthwhile to speak of.

Downuwash is (strictly speaking) the permanent down-
ward component of the velocity behind lifting wings.
This type of downwash is the resultant of the veloc-
ities “induced” by the trailing vortex system of such
wings. There are other downward and upward com-
ponents around a wing which are also called “down-
wash” or “upwash”, respectively. A downwash of this
type (caused by the “bound vortex”) is found at the
trailing edge of a wing; and a corresponding upwash
exists ahead of the leading edge.

Fluid Dynamics, also called “fluid mechanics’ is the
all-encompassing term denoting the field of fluid
motion. Subheadings are as follows: Hydrodynamics
(meaning not only the subject of water flow but also
fluid-dynamics of incompressible flow). Aerodynamics,
describing characteristics in air (and in other gaseous
fluids) from incompressible through hypersonic con-
ditions. Gas dynamics, dealing with compressible
gases from subsonic to supersonic speeds. With respect
to compressibility, we have the field of subsonic flow,
of transonic Mach numbers (roughly between M =
0.9 and 1.5), supersonic conditions and finally hyper-
sonic flow, meaning comparatively high Mach num-
bers in connection with slender body shapes. The
field of aerodynamics in rarefied gases is encountered
in very high altitudes (by rockets and satellites). The
extreme of this type of fluid dynamics is the free-mol-
ecular flow, in which the gas molecules strike an
obstacle individually, without interfering with each
other.

“Induced” is a word taken from the field of electricity.
Magnetic forces are “induced” around a conductor
carrying an electric current (8). In fluid dynamics,
the velocity at any point within the field of a vortex is
called the induced velocity due to its circulation. The
word “induced” also is applied, however, to indicate
velocity components and pressures caused by displace-
ment.

Lift is not directly a subject of this book. Drag is a
function of lift, however, in several respects; so that
lift must be considered too. One of the important
characteristics of a lifting wing is the so-called lift-
curve slope (dC, /d&), indicating the rate at which
lift increases as a function of the angle of attack “X".
However, a parameter sometimes more convenient
than (dCy /dX), is the reversed value “dxX/dC”;
and this value is called in this book the “lift angle”.
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“Laminar”, derived from the latin word for “layer”,
indicates a state of flow where the various fluid
“sheets”” do not mix with each other, where all stream
tubes keep essentially parallel to each other and where
their velocities are steady (although the velocity may
very well have a gradient both in the direction of
motion and between different stream tubes).

Parasite Drag. If accepting the induced drag as some-
thing necessarily connected with the useful generation
of lift, the rest of the drag of an airplane can be called
to be parasitic (because it represents a waste of fuel).
Another terminology (10) denotes the parasite drag
as “‘viscous”, thus stressing the fact that frictional drag
as well as pressure drag (due to boundary-layer de-
celeration or flow separation) are basically caused by
viscosity.

Pressure — Static. Usually, “pressure” is meant to be the
ambient “static” pressure “p”(for example in 1b/ft2)
within a certain space or container. However, in
applied aerodynamics, pressure differentials Ap =

(Plocal — Pamb) 2re very often considered, rather
than the absolute static pressure. The variation of the
pressure along a surface is of importance for the de-
velopment of the boundary-layer. A positive gradient,
corresponding to a distribution in which the pressure
increases in the direction of flow can lead to flow sep-
aration. Therefore, such a gradient is also called “ad-
verse”. Changes of the static pressure near, at and
behind obstacles are the primary subject of super-
sonic aerodynamics.

Pressure — Dynamic. A pressure differential of partic-
ular definition is the so-called dynamic pressure q
=059 V2. This quantity is thus a property of a
fluid flow; it corresponds to the momentum of the
fluid particles. In non-compressive fluid flow, this
quantity appears in the form of a static-pressure in-
crement that can directly be measured (for instance
in 1b/ft2) after the flow has been brought to rest
(when and where V —- 0, without having lost mo-
mentum). The dynamic pressure is then the differ-
ential between the “total” pressure as tested in the
open end of a so-called Pitot tube and the ambient
static pressure. There are instruments (the Pitot-
static tube or the “Prandtl Rohr”) directly indicating
the dynamic pressure differential. In many or most
practical applications, fluid-dynamic forces are (at
least approximately) proportional to the dynamic
pressure.
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Pressure — Total. The most important principle gov-
erning non-compressive fluid flow, is the fact that un-
der undisturbed and non-viscous conditions, the sum
of static and dynamic pressure is always constant. This
so-called Bernoulli law (13) can be utilized to explain
basically the generation of drag (other than frictional).
Speed and dynamic pressure of the fluid particles re-
duce upon approaching an obstacle; the static pressure
at the front of a solid is increased accordingly. In
theoretical non-viscous flow, a corresponding ex-
change between dynamic and static pressure would
take place at the rear of the obstacle; and there would
not be any drag (as found by d’Alambert in the 18th
century). Actually, of course, there is viscous friction,
boundary layer and separation. As a consequence,
the flow pattern is changed as stated in Prandtl’s BL
theory. The deceleration of the fluid particles upon
approaching the “rear stagnation point”, and the
corresponding pressure recovery do not completely
take place. The resultant of increased pressure at the
front end and a more or less deficient pressure at the
rear side of the obstacle, is pressure drag. The total
pressure (and/or momentum) of the stream tubes
involved is reduced, accordingly.

Ratios. There are many dimensional ratios, describing
the shape of solid bodies exposed to fluid flow. We
have, for example, the thickness ratio "t/c" of wing
sections, the fineness ratio of rotationally-symmetric
bodies, the aspect ratio of wings A = b? /S=Db/"c”,
the length ratio A = 1/A = “c”/b. Ratios of sec-
ondary order are, for example, that of the location of
maximum thickness with respect to chord or length,
respectively. Related geometrical ratios are particu-
larly used in the field of ship hydrodynamics (Chap-
ter XI) describing, among others, magnitude and
distribution of a hull’s displacement.

(1) See Aeronautical Engineering Review 1953 p.41.

(4) Prandtl, Boundary-Layer Theory, established 1904.

(7) See in books such as Prandtl’s “Fluid Dynamics”, (German
1941) New York 1952; also in Lamb or Milne-Thomsen.

(8) Glauert, "Aerofoil and Airscrew Theory”, 1926.

(10) Weinblum, in his papers listed in Chapter XI.

(13) Daniel Bernoulli, in “Hydrodynamica”, 1738.

(15) "Turbulence” as stated in TMB Rpt 670 (1948).
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Rotation means the motion of fluid particles around
their own “center” or some other center in a manner
similar to any part of a “rotating” solid wheel. Inso-
far as each particle changes its angular position while
going around, more or less facing the center of motion,
this type of motion is basically different from the
“Ferris-Wheel” motion mentioned under “circula-
tion”. Every real vortex has a rotating core; while
beyond a certain distance from the center, the circu-
lation-type of flow pattern is found as indicated by
theory (7). Rotation is also called “vorticity”.

“Schlieren” is not the name of a man; it is the German
word for “streaks” as they appear as a consequence
of density differentials in the “shadow” of compressive
and in particular of supersonic patterns of fluid flow.

Separation. Because of the frictional losses within the
boundary layer, separation of B’layer as well as of the
adjoining external flow takes place, for example, from
the rear of many “bluff” bodies. The region of flow
following separation is sometimes called “‘dead space”.
However, a “‘wake” is not necessarily the product of
separation. Any loss of momentum (for example by
friction) appears as a deficiency of dynamic pressure
within the wake behind every obstacle. Separation
and ‘“‘detached” flow pattern can also be found along
the sides and even in front of obstacles, wherever
boundary-layer thickness and “adverse” pressure
gradient are large enough to produce this phenom-
enon. The opposite of “separated” is “attached”.
Under certain conditions, a separated pattern may
also become ‘re-attached”. Separation from sharp
edges can also be understood and treated without
considering viscosity.

Streamlines. When replacing a small cross-sectional
part of a fluid flow, for example by smoke — a single
“line” becomes visible, called streamline. Upon giving
the line a finite cross-sectional area (as indeed that
smoke line has) we obtain a stream tube. A so-called
streamline body or shape, is not a very logical appli-
cation of that word. We have the word, however, not
only in English (see Webster) but also in other lan-
guages. The best explanation we can give for the ap-
plication is the fact that most of the stream tubes
continue past such a shape without crossing each other
and without being disrupted and/or dissolved as they
are in the flow field past a bluff obstacle.
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Turbulence is a more or less irregular “eddying” mo-
tion, a “‘state of commotion and agitation” (15), con-
sisting of velocity fluctuations superimposed to the
main flow, within boundary layers (at higher R'num-
bers) and within the wake behind solid bodies. Tur-
bulence should not be confused with separation. In
fact, separation can be reduced and possibly avoided
by forcing turbulence. Such ‘“‘stimulation” of turbu-
lence can be obtained through some disturbance of
the laminar B’layer flow, such as surface roughness,
stream turbulence (in wind tunnels), sound and/or
mechanical vibrations (from aircraft engines, for ex-
ample). The intensity of turbulent motion (expressed
by the root-mean-square w2 of its components) de-
creases as ~ 1/x, where x — distance behind the ob-
ject producing turbulence. Besides their amplitude
(in the order of 1% of main velocity in ordinary wind
tunnels, for example) frequency is also of importance.

Vortex. The flow pattern of a vortex in non-viscous
fluid is mentioned under ‘“circulation”. An impor-
tant example is the “bound” vortex or “lifting line”
(7) which is the fluid-dynamic equivalent of a physi-
cal wing. Other examples are the “rolled-up” vortexes
originating from the lateral ends of every wing or
other lifting body, and the well organized rows of
vortices found in alternating vortex ‘“‘streets”. In free-
surface hydrodynamics (as in ships) “trailing vortexes”
appear in the form of waves; the motion of the fluid
particles is called “orbital”.

Vorticity. The words “vortex” and ‘vorticity” are
also used in connection with the shear flow in bound-
ary layers and in wakes (behind obstacles), where ro-
tation is produced by viscous friction. The word
“vorticity” is thus used to indicate the amount of
rotation present in a flow pattern. Vorticity has the
same dimension as “circulation” (ft?/sec).

Wind Tunnel. Possibly a thousand wind tunnels have
been built and used during the last 50 years, for the
purpose of finding the aerodynamic characteristics not
only of airplane wings, component parts of aircraft
and of airships, but also of automobiles and stationary
structures (bridges and buildings). The test section
of such tunnels may be “closed” or “‘open-jet” type.
Corrections (due to “‘blockage” or due to the finite
size of the jet of air) are sometimes cumbersome. Be-
cause of their excessive power requirements, most of
the tunnels designed for supersonic speeds are com-
paratively small in size, down to a few centimeters
squared. Very large installations have, on the other
hand, been built in order to test aircraft “full-scale”.
— A number of water tunnels are also existing, pri-
marily used for hydrodynamic purposes, as a supple-
ment to towing tanks.
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Personalities In Fluid Dynamics. Among the many
names found as authors of, and found quoted in fluid-
dynamic publications, a few are particularly outstand-
ing; and they are often referred to in the text of this
book. We therefore present the list as follows:

Froude, William (1810 to 1879 in England) not to be
confused with his also famous son, is the “father” of
modern ship hydrodynamics (17). The free-surface
similarity law (see Chapter XI) is named after him.

Von Kéarmdn, Theodore; was a very prominent aero-
dynamicist (18). Born in Hungary (1881), he was
associated for a time with the Gottingen circle, was
later Director of the Guggenheim Aeronautical Lab-
oratory in Pasadena (California), and last Chairman
of NATO aerodynamic activities. He died in 1962.
See Astronautics and Aerospace Enginecering, July
1963.

Pitot, Henry; French physicist 1695 to 1771, intro-
duced an open-ended tube used to measure “total” or

Pitot pressure (equal to p 4+ q in non-compressive
fluid flow).

Prandtl, Ludwig (1875 to 1953) Professor and Di-
rector of the K.Wilhelm Institute in Gottingen (20).
Together with Albert Betz, he was for some 50 years
the spirit of aerodynamic research at the AVA. Among
his numerous publications, “Essentials of Fluid Dy-
namics” is available in English (London 1952).

Reynolds, Osborne (1842 to 1912), Professor at the
University of Manchester (England), published results
of experimental investigations, “Whether Motion of
Water shall be Direct or Sinuous and of the Law of
Resistance in Parallel Channels”, in Philos. Trans.
Royal Society (London) 1883 p.935. Also: “On the
Dynamic Theory of Viscous Fluids and the Determi-
nation of the Criterion . . . ”, in Philos. Trans.Royal
Society 1895. The basic similarity law of fluid dy-
namics indicating the ratio between viscous and dy-
namic forces, is named after Reynolds; thus the
“Reynolds number”.

Others. There are many others worth-while mention-
ing. A few of them are listed in the footnotes of this
Chapter. The names of still others appear as authors
of papers and articles in the balance of this book.
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3. DRAG AND THEORETICAL ANALYSIS

“Resistance” was evidently the first fluid-dynamic
force, arising from an obstacle placed against a stream
of air or water, to become obvious to man. Lilienthal
(22) named every force caused by flow “Widerstand”’;
and Eiffel (23) entitled the publications on his aero-
dynamic research “la résistance de l'air”"— although
there is more information presented on lift than on
drag in his books. Today, using the word ‘‘drag”, one
thinks only of that component of any fluid-dynamic
force, the direction of which coincides with that of the
undisturbed flow (against an obstacle). In English-
language terminology, “drag” is preferred in aviation;
while “resistance” is common notation in marine en-
gineering (and possibly in other fields of transporta-
tion too).

Action and Reaction. It is known that a wind-tunnel
experiment, where a wind stream is blown against the
stationary model, is equivalent to actual conditions,
where for example, an airplane is propelled against
more or less resting air. Upon discussing aerodynamic
flow patterns, the stationary wind-tunnel system is
usually preferred. One speaks, for example, of stream-
lines passing some object, protuberances exposed to
the flow, boundary layer originating along a surface,
the dead space behind a blunt body — and so on.
Analyzing drag problems, it seems to be useful, how-
ever, to consider both systems and to observe the
action of the air as well as the reaction of the body —
or vice versa. As far as the body is concerned, a drag
of certain magnitude is thus produced by the fluid
flow. On the other hand, a disturbance is caused by,
and left behind the moving body within the fluid
space. This disturbance is the equivalent of the re-
sistance; the energy involved in the disturbance is
equal to that expended in propelling the body or
craft considered.

(17) Papers of W. Froude, a Memoir by INA (London) 1955.

(18) VonKdrmdn, see special issue of the J. Aeronautical Sciences
May 1956, commemorating his 75th birthday.

(20) Prandtl, Necrology, see J. Aeron. Sci. 1953 p.779.

(22) Lilienthal (1848 to 1896), Der Vogelflug als Grundlage
der Fliegekunst, Berlin 1889.

(23) Eiffel (1832 to 1923), Récherches de l'air et Iaviation,
Paris 1910; Nouvelles récherches, Paris 1914.

(24) Lanchester, "'Aerodynamics”, London 1907.

(25) Engineering-type presentations of aerodynamics are:
a) Diehl, “Engineering Aerodynamics”, since 1928.
b) Wood, “Technical Aerodynamics”, by Author, 1955.
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Momentum. A concept very useful in fluid dynamics
is that of “momentum”. The momentum of a body
(with respect to a suitable system of reference)

mass times speed, in (slugs ft/sec) or in (b sec)

1s an indication for the impact that it can produce
when stopped. Momentum is transferred from a
moving body upon the surrounding fluid; thus (mo-
mentum transferred per unit time) equal to (drag).
By measuring the momentum deficiency within the
wake of an obstacle, its drag can be determined, ac-
cordinly. This method is called “momentum-defi-
ciency, or ‘“‘wake-survey”, or “Pitot-traverse” tech-
nique (see also Chapter II). To keep an airplane
flying at constant speed, its momentum has contin-
uously to be replenished (by means of the propelling
engine or by “paying” altitude).

Momentum Transfer. There are several forms in
which momentum is transferred from a moving body
onto the fluid. (a) A certain volume of fluid is accel-
erated either in the direction of the moving body, or
(b) in a direction transverse to that of the motion, as
in the case of the induced wing drag for instance.
(¢) The fluid can also be put into irregular, turbu-
lent motion; or the momentum equivalent to the drag
may (d) be contained in a regulated system of vortices
(vortex street). (e) At supersonic speeds, momentum
(and heat) are carried sideways by means of compres-
sion waves. Finally, (f) in the presence of a free water
surface, momentum is dissipated in a system of gravity
waves (and/or in the form of spray). Usually several
of the listed ways are combined with each other. All
the “dynamic” types are consumed after some time by
the viscous friction between the fluid particles, and
they are finally transformed into heat. A simple proof
of this transformation is the fact that the temperature
in a wind tunnel increases appreciably with time dur-
ing operation.

Theoretical Sources. A long time ago, somebody has
said that induced drag was the only type of resistance
on which theory could really give an answer. This
is no longer true; we have more or less explicit re-
sults on growth and characteristics of the boundary
layer; we can predict flow separation; knowledge on
wave drag in supersonic conditions has emerged from
elementary concepts; theories are available indicating
the wave-making resistance of ships and other bodies
in water; characteristics in cavitating water flow are
known from theoretical sources; theories are also
available, describing fluid-dynamic conditions in free-
molecular flow. Most of the existing solutions are
partial, however, or rather complex; some of them
are so involved that their mathematical evaluation
has not yet been accomplished.
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Statistical Methods. Very often, a considerable lack
of understanding is apparent between ‘‘mathemati-
cians” and “engineers”. Their abilities and their as-
signments are basically different (26); and there are
only a few who can master both, theoretical research
and practical design. Also, many technical devices,
such as indeed the airplane, have been invented and
originally developed without much of a theoretical
foundation. The engineer is usually forced to pro-
ceed without the help of theory, wherever a solution
is not available, or where it is too complicated for
practical application. This is particularly true in the
field of fluid dynamics where detailed analysis of the
boundary layer, for example, serves more basic pur-
poses while the engineer only needs to know the con-
sequences as far as they affect the resultant forces of
aircraft (or other devices). Therefore, the way many
questions are handled in applied fluid dynamics, is
by testing models in wind tunnels or water tanks, and
by statistic knowledge derived from such experience.

Approach In This Book. The primary thesis of this
book is to supply educated engineering information.
Written by an “engineer”, and primarily for engi-
neers, the text is not “theoretical”’, accordingly. How-
ever, there is “nothing” more practical than a good
theory. The results of theoretical calculations are,
therefore, used as a basis and as a framework, within
which the various problems concerning the resistance
of bodies in air or in any other medium are presented.
Wherever possible, experimental data are checked
against and correlated with theoretical predictions.
Practical conclusions are drawn from more academic
functions. Limiting cases, which may not have any
practical significance by themselves, are also pre-
sented, from time to time. They often confirm the
trend of a function within that range in which one is
really interested. On the other hand, where theoreti-
cal information is not available, efforts are made to

(26) The British physiologist Grey has discovered that the two
types differ in the frequency pattern of their electric brain
impulses; see Grey “Living Brain” N. York 1953. Other
pairs of terms describing the two, are “logical’ and “geo-
metrical”, or “abstract” and “'visual-imaginative”.

(28) Quotations in regard to science and engineering:

a) Appleton: T have watched with admiration the engi-
neer’s ability to do things — while I've only been able to
think about them in a theoretical way.” (Partnership of
Science and Engineering, Trans NE Coast Inst'n of Engineers
and Shipbuilders Vol. 71, 1954 p.89).

b) Geyer: “Mathematics is tautology” (in “Die Dumm-
heit”’, ~Gottingen 1954). He also makes the statement that
“computing machines are perfect idiots”.

d) VonKirmdn: “to remind persons engaged in the })ro-
fessional use of aerodynamic science, how much mental effort
was necessary to arrive at an understanding of the funda-
mental phenomena” (in “Selected Topics”, Cornell Univ.
Press 1954).

e) Lewis: “The model test may be considered as an analogue
type of computer” (Trans SNAME 1954 p.431).

f) Munk: "Wind tunnelling (can) degenerate into fruitless
weighing and air blowing” (]J. Aeron’l Sci. 1938 p.241).
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obtain a physical understanding of the flow mech-
anism from experimental observations. Applying sta-
tistical methods, certain “rules” may then be derived
from experimental results. For example, the inter-
ference drag is treated in this book on a statistical
basis. Such semiempirical methods usually enable the
engineer to perform his calculations with an accuracy
which is consistent with other phases of design
work. Some information of this type may naturally
grow obsolete, after more complete test results have
become available. As an excuse for possible errors
in the presentations in this text, psychology may be
called upon as a witness; “‘even a wrong answer is
closer to the truth than an apathetic ‘I don’t know’;
a wrong answer can be proved to be wrong, and the-
correct answer can be sought” (J. A. Winter). Another
important element in the presentation is the selection
of suitable parameters to be considered in a problem.
“Without computing relative importance, a class of
facts leads to the most cluttered confusion” (Hub-
bard). We may say, in this respect, that successful
theories and/or rules do just that; they are usually
simplifications (disregarding secondary terms). — At
the end of this somewhat philosophical section, a
number of statements are quoted from personalities
engaged in scientific and/or engineering work (28).

4. NON-DIMENSIONAL COEFFICIENTS

Dynamic Pressure. In one or possibly in more than
one particular point on the front of every solid ex-
posed to a flow of air or water, the “impinging”
fluid particles come to rest; that is, their velocity ap-
proaches zero in these points. During their deceler-
ation, the momentum of the particles is transformed
into static pressure. The pressure increment

q = 05QV*  (b/it) (2
is called ““dynamic” pressure, because it is the equiva-
lent of a dynamic quantity.

Drag Area. Disregarding the range of very small
Reynolds numbers, aero- or hydrodynamic pressures
and forces are in many conditions and at least predom-
inantly proportional to the dynamic pressure. It is,
therefore, convenient to refer the flow forces to this
pressure. Regarding drag, the so-called drag area

__ 2
D/q = CD S (ft2) (3)
is useful in cases where an area of reference is not
obvious (such as, for instance, in the case of a motor-

cycle) or where several component parts are combined
in some system.
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Force Coefficients. Naturally, fluid-dynamic forces
also increase with the size of the body involved. Usu-
ally, the forces are proportional to a suitable area;
such as for instance, the projected plan-form area of a
wing (S), or the frontal area of an obstacle (S,). Re-
ferring the “‘drag area” (equation 3) to such an area,
a nondimensional fluid-dynamic drag coefficient is
thus obtained:

C, = D/qS =D/05gV’S  (4)
Readers who are not familiar with fluid-dynamic co-
efficients, may take notice here, that they will usually
find information in the form of the drag coefficient
(equation 4). The drag in lbs (or in any other weight
unit) is then

D = Gy q8 = 050 V3Cp S (5)

with all quantities in a consistent system of dimen-
sions (as the foot-pound-second system). In compres-
sed or in sonic or supersonic flow, the impact pressure
at the stagnation point is higher than (0.5 Q V2). The
coefficients are still based upon the dynamic pressure
(equation 2) however, which in this case merely
represents the momentum of the fluid flow.

Pressure Coefficient. Another coeflicient which is very
useful in the analysis of resistance is that indicating
certain differentials of the static pressure

C, = Ap/a =(p | — Pamb)d  (6)

where p,., = undisturbed static pressure (at some
distance away from the body which is under obser-
vation). At the stagnation point in uncompressed
fluids, this coefficient is obviously equal to “one”.

5. PHYSICAL SIMILARITY LAWS

The drag- or pressure coefficients and the similarly
defined lift coefficients are primarily a function of
shape and attitude of the body which is under con-
sideration. Under certain conditions, the flow pattern
in the vicinity of a body and the non-dimensional co-
efficients — are identical in air, water, or in other
liquid or gaseous fluids. On this basis, the fluid-dy-
namic characteristics of a body exposed to a flow in
one medium, can be predicted from experiments in
a different medium. So, for example, submarine
models have been investigated in wind tunnels; and
airplane wings in water tanks or -tunnels. The co-
efficients may also depend upon certain physical char-
acteristics present in one medium but not in a differ-
ent one. There are certain more or less defined
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regions, however, within which such specific proper-
ties (as for example, compressibility) only have a
negligibly small effect upon flow pattern and flow
forces. In ranges which are still further restricted,
the coeflicients are eventually constants. — A system
of these coefficients, within a framework of equally
non-dimensional classifying “numbers”, has been ac-
cepted as an international fluid-dynamic language, so
to speak.

Reynolds Number. According to Reynolds’ similar-
ity law (see section 2) flow pattern (including bound-
ary layer) and force coeflicients of two similar bodies
(identical in shape, but different in size), or those of
one and the same body in different mediums — are
similar if their Reynolds numbers are identical. This
number

Rj{ = Vls)/p =VI/v (7

represents the ratio of the dynamic forces (represen-
ted by the velocity V, the body dimension 1, and the
density of the medium @) to the friction forces (rep-
resented by the viscosity u of the medium). Unfor-
tunately, the principle of identical Reynolds numbers
cannot generally be realized in model testing because
of the necessary economy in size and operation of
wind-tunnel or towing-tank installations. The fluid-
dynamic research of the last 40 or 50 years was, there-
fore, confronted again and again with the problem
of how to transfer model results to the real conditions
of flying aircraft, or of ships in full-scale operation.
It is (among others) for this reason that the variation
of drag coefficients against Reynolds number is so of-
ten presented in this book.

Compressibility. Under certain conditions, certain
fluids can be considered to be incompressible. This
is particularly true for water (where the speed of
sound, a measure of non-compressibility, is almost
5000 ft/sec). In air, compressibility may be neglected
within the range of small and moderate speeds. Dis-
regarding the effects near the blade tips of propellers,
the practical design of airplanes, therefore, did not
seriously take into account compressibility during the
first 20 or 30 years of its history (since 1903). Dealing
with today’s flying speeds close to and exceeding the
speed of sound, theoretical and experimental re-
search on compressibility have been highly advanced,
especially in recent years. Since, however, most air-
planes in practical service are still flying, and may
continue to fly, at moderately high speeds, simply by
reasons of economy, the field of non-compressive aero-
dynamics remains the basic subject in a book such as
this one. The Mach number

M =V (8)

(named after Ernst Mach, 1838 to 1916) is commonly
used to classify flow conditions with respect to com-
pressibility.
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Rarefied Fluid Flow. The forceful development of
rockets as a launching device for satellites, leads into
the upper atmosphere and “out” of it. At such alti-
tudes, density is so small, that air or gas cannot be
considered any longer as a continuous medium. In-
stead, the gas molecules strike against a flying object
singly; and they are reflected or rebound, possibly
like balls. A chapter is added in this book, to present
principles and available results ““at high altitudes”.

Cavitation. Water changes its physical status radi-
cally, after reaching a certain temperature (boiling)
or after the pressure has been reduced below a certain
value (cavitation). Cavitation; that is, the appear-
ance of voids which are filled with vapor instead of
water — is, therefore, encountered in water (and in
other liquids) at higher velocities. The tendency
(preparedness of a flow of water to cavitate), is indi-
cated by the cavitation number

G = (pm[_n_ pomb )/q (9)

which is believed to have been introduced by Thoma
(in Miinchen).

Free Water Surface. Flow characteristics of bodies in
water, in proximity of or penetrating through the
free surface, display considerable interaction with this
surface. The pressure field of the obstacle causes a
deformation of the surface. As a consequence, a wave
system originates, trailing behind the moving body —
particularly known in connection with ships. Such
wave systems and the characteristics of.spray and ven-
tilation are functions of the Froude number (named
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after William Froude 1810 to 1879)
F, = v/Vgl  (10)

Basically, this number indicates the ratio of dynamic
forces (represented by 12 sz’/g) to static forces (dis-
placed water Weight ¥ 13). The particular problems
of resistance in water are presented in two chapters
of this book.

6. PROPERTIES OF AIR AND WATER.

(A) Characteristics of Atmospheric Air

Practical information on density, viscosity, speed of
sound, vapor pressure, and other characteristics of
many fluids and gases, are found in physical text
books and/or engineering handbooks. The proper-
ties of the two most important fluids, air and water,
are briefly presented as follows — as a function of
pressure and temperature.

Dynamic Pressure in Air. The mass density of air is
essentially

Q (b sec?/ftt) = 0.000824 p (Ib/f2)/T (°K)

= 0.0229 p (inch Hg)/T (°K) (15)
with T, =273 4 t.. indicating the absolute tem-
perature in degrees “Kelvin” (which is the equivalent
of centigrades). Many examples of air flow take place
at the ground or flying near sea level. For such cases,
a “‘normal” temperature of t =15 "C = 59 °F and
a pressure corresponding to 29.9 inches (= 760 mm)
of mercury — has been adopted by international con-
vention, averaging conditions in the temperate
zones of the earth. The corresponding mass density
of the air is = 0.00238 1b secz/ft""; and the
“standard” dynamic pressure in sea-level air is

q (Ib/£e2) = 0.5 ¢ V2= (V. ft/sec)/840

~ (V,mph/891 = (Vkes)7295  (16)
as plotted in figure 1. Aviation is not all confined to
sea level altitudes, however. Figure 2 presents the
internationally (34) normalized average decrease of
density against altitude above sea level. Replacing
in equation 16, the normal mass density of g, by
(0/Q5)Q, » the dynamic pressure can be determined as
a function of altitude.

Figure 1. Dynamic pressure (equation 16)
in standard sea-level air.
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Viscosity of the Air. The dynamic viscosity of air (u
in lb sec/ ftz) is a function of temperature (is for most
practical purposes independent of pressure), as plot-
ted in figure 3. Within the range of engineering
applications (between T = 170 and 500 °K) the
““absolute” viscosity varies as
Mo~ T0.76 (17)
By combination with the density, the kinematic vis-
cosity v=— M/Q in ftz/sec is obtained. Under “normal”
sea-level conditions, this type of viscosity is approxi-
mately

v = 156/10% (ft%/sec)  (18)
Since density and temperature decrease as the alti-
tude is increased, the value of v increases considerably
with altitude. The Reynolds number (for constant
speed) decreases accordingly, as shown in figure 2.

(30) Properties of air as a function of altitude:

a) Burgess, Altitude, The Engineer 1952 p.338 & 370.

b) NACA, Tentative Tables for the Properties of the Upper

Atmosphere, Technical Note 1200 (1947).

¢) Additional presentation in Chapter XVIIL.
(31) Influence of Compressibility, NACA T.Rpt 837 (1946).
(32) Physical properties of the atmosphere are presented at length

in Wood's ““Technical Aerodynamics” (25,b).
(34) The presented physical values have tentatively been agreed
upon by the ICAO (International Civil Aviation Organiza-
tion) in 1952; see Manual of ICAO Standard Atmosphere,
NACA T. Note 3182 (1954) which is now T. Rpt 1235.
Information on air viscosity 1s found in:
a) J. Aeron. Sci. 1951 p156 and 1952 p.236 & 510.
b) Basilesco, Experimental, Publ. Scientifiques et Tech-
niques French Ministére de I'Air, Rpt 111 (1937).
c) Fortier, Experimental, Ann. de Physique 1945 p.292.
d) Also in NACA T. Rpt 1135, on “Compressibility”.
e) To p = 200 at, Tokyo Univ. Rpt (A)3, 1951 p.247.
f) Keyes, Viscosity, Trans ASME 1951 p.589.
Roberts, Atmosphere, Aeron. Engg.Review Oct. 1949.
Chapman, Gas Mixtures, NACA T. Rpt 1259 (1956).
Fano and Others, Compressibility Density Viscosity and
Properties of Steam, NACA T. Note 3273 (1956).
(42) Physical properties of water (sea and fresh):

a) See for example Trans INA 1953 p.358.

b) See in any modern Engineering Handbook.

(36)

(38)
(39)
(40)

Speed of Sound. Sound travels at the natural velocity
with which a vanishingly small pressure variation is
propagated through the air. This speed is generally

at = dp/d9 = VkgRT

with k= 1.4 (in the air up to 300,000 ft of altitude),
g = acceleraticn of gravity, ‘R’ = gas constant and
T = absolute temperature. In air (throughout the
troposphere):

(20)

a (ft/sec) = 66 VT (K)  (22)
For standard sea-level temperature, the sonic velocity
1s (34),’a'= 1117 ft/sec = 760 mph = 660 knots. —
Since temperature decreases as altitude is increased,
the speed of sound decreases accordingly; and the
Mach number (equation 8) increases at the same time
for a given speed, as illustrated in figure 2. In regard
to compressibility, it is thus seen to be favorable to
conduct subsonic airplane speed records in locations
which are as low as possible and as hot as available,
to keep away from the critical Mach number.
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Figure 3. Variation of the physical viscosity
of air as a function of temperature.
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High Altitudes, above some 60,000 ft, have been ex-
plored by various direct (balloons and rockets) and
indirect (physical) methods. A survey of the known
atmospheric properties at high altitudes (as of 1949)
is given in (38). The density decreases steadily with
altitude to vanishingly small values. The average
temperature shows heavy up-and-down variations,
however, which correspond to the atmospheric zones
illustrated in the last chapter of this book.

Humidity. The amount of water vapor “solved” in
atmospheric air, is usually small (less than 1%, by
weight). The influence of humidity upon mass den-
sity is small, accordingly. For example, in “normal”
sea level condition, 1009, humidity (indicating satur-
ation) reduces density by less than 1%,. The influence
of humidity on other characteristics is well explained
in (32).

Steam. Properties of steam are presented in (40). Its

density is very roughly 2/3 of that of air under the
same conditions as to temperature and pressure.

Gases. Physical and thermodynamic properties of a
number of gases other than air are reported and
discussed in (39).

q(lb/f2) = 0.97 (V,ft/sec)i: 277 (V,kts)a
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Figure 4. Dynamic pressure in fresh water (equation 28).
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(B) Physical Properties of Water

Dynamic Pressure in Water. For all practical applica-
tions (to date), the density of water can be considered
to be constant (being independent of temperature
and pressure):

@ (fresh water) = 62.3/32.2 — 1.94 b sec”/ft*  (24)

In average (Atlantic) sea water, with a salinity in the
order of 3.59,, the density is 2.79, higher than in
distilled or ““fresh” water:

Q (sea water) = 64/32.2 = 1.99 Ibsec?/ft*  (25)

Corresponding to these densities, the dynamic pres-
sure is

q (Ib/f2) = 0.59V? = 0.97 (V,ft/sec)®  (26)

in fresh water, as plotted in figure 4. In sea water, the
dynamic pressure is

q (Ib/ft?) = 0.995 (V,ft/sec/= 2.85 (V,ktsf  (28)

The Viscosity in Water, needed for the computation
of the Reynolds number, is a function of temperature
as plotted in figure 5 in the form of the so-called kine-
matic viscosity V= u/Q. At the “normal” tempera-
ture of 15 °C (59 °F) the viscosity of water is in the
order of w= 1.25/10° (ft2/sec). Average sea water
has a kinematic viscosity some 4.6, higher than that
of fresh water. — In water, viscosity decreases appre-
ciably as the temperature is increased. For example,
at 120 °F, the viscosity is only half of that at “normal”
temperature. Heating the water in a towing tank or
in a water tunnel, is therefore a means of possibly
doubling the Reynolds number in model testing.
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CHAPTER I — SKIN-FRICTION DRAG

Viscosity is a molecular “resistance” which fluid
particles exhibit against displacement in relation to
each other and with respect to the surface of solid
obstacles. Most directly, this type of resistance pre-
sents itself in the form of frictional drag. This means
that in a manner roughly comparable to that of
solid surfaces sliding along each other, a tangential
force originates where air or any other fluid moves
past the surface of a body. This force is the skin-
friction drag.

. VERY SMALL REYNOLDS NUMBERS

At very low speeds, and /or in fluids with high vis-
cosity, and/or in very small dimensions, that is
roughly below Ry = 1, viscosity is the predominant
parameter determining the drag of a body.

Two-Dimensional. As a solution of equation 6 in
the “pressure drag” chapter, for h = 0, it is possible

to determine the resistance of two-dimensional plates
in tangential flow. Referred to the area (b times 1),
the drag coefficient is

10.9/ Rl

3.2 — 2.8 logRy 14— logR,

This equation is plotted in figure 1 in the form of
Ce= 0.5 C,. The graph‘ give§ a certain perspective
as to the “viscous” regime in comparison to the
“dynamic” functions of laminar and turbulent skin-
friction drag at higher Reynolds numbers.

81T/R/(

CD:

Disk. The drag of a thin disk, exposed on both
sides to a tangential flow, is indicated (1) by the
theoretical non-dimensional coefficient

D/pdV = 5.34; D =534 pdvV (Ib) (2)
with the viscosity “u” in (Ib sec/f®) and the diam-
eter “d” of the disk in ft. This type of drag is thus
proportional to the velocity V (in ft/sec) ; we have
here a typical example where the “quadratic”’ drag
law, which is the basis of the standard fluid-dynamic

1ot N—
\ l\\*{)ISK Figure 1. Skin-friction drag coefficient; (a) in ‘“viscous”
103 "'\_\ - flow, (b) with laminar, (c) with turbulent boundary-layer
@ |~ | flow, (d) on cylinder in axial flow.
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drag coefficients, does not apply. In the form of
such a coefficient, based upon wetted disk area S,
= d21r/2, the skin-frictional resistance in this type
of viscous flow is

D 4-5.34 6.8
C‘F = = = (3)
qSyet TRy R4

This coefficient (plotted in figure 1) is appreciably
higher than the two-dimensional function. The
physical reason will be discussed later.

Applications. The region of very small Reynolds
numbers has a limited practical meaning. Numbers
below R = 1, are only found in oil-lubricated bear-
ings (3), or in the case of water draining through
the ground, or in tight fabrics (4). Theoretically
and actually, there is a very small region near the
nose or leading edge of every solid body where lo-
cally, frictional drag coefficients apply, similar in
magnitude to those indicated in figure 1. Very low
Reynolds numbers are also encountered at very
high altitudes (as treated in the chapter on “rarefied

gases”) .

Boundary Layer. Within the described range of
smallest Reynolds numbers, “all” of the fluid space
is affected by a moving body by means of viscous
forces. To make such flow pattern better understood,
one may assume the fluid medium to be replaced
by a “plastic” material. A solid body (for instance
a knife) pushed into this type of “fluid” encounters
a resistance which is more or less directly transferred
onto the “total” of the material. Testing the drag
of bodies at such small Reynolds numbers in a tow-
ing channel is accordingly difficult (as reported in
5), because of the great influence of the tank walls
upon the measured forces. This ‘“‘remote-control”
influence of viscosity decreases steadily, however,
within a range of the Reynolds number which may
be said to be between 1 and 100. Above this range,
the influence of viscosity becomes limited to a com-
paratively thin layer closely adjacent to the surface
of the moving body — generally called the “bound-
ary layer”.
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Figure 2. Non-dimensional distribution of velocity and
dynamic pressure across the boundary layer, for turbulent
and for laminar flow. The area between “w/V” and “qw/q"
is a measure for the frictional drag.
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2. BOUNDARY-LAYER DATA

In the flow past a solid obstacle, certain fluid par-
ticles cling to the surface; their relative velocity is
w — 0. Particles at some small distance from the
wall loose only part of their original velocity; they
are kept balanced by viscous shearing stresses be-
tween the wall and the undisturbed flow. Beyond a
certain distance, defined as the total boundary-layer
thickness, the outer flow is found, with a total pres-
sure which fully corresponds to Bernoulli’s law (see
in Chapter I).

Velocity Distribution. Figure 2 shows the velocity
distribution across the boundary layer. Starting
from zero, directly at the surface, the shape of the
distribution curve is very much a function of the
type of flow. For laminar boundary-layer flow (6):

wiV =2 (y/8) — 2 /& + (/8 @

This function means that near the wall, the local
velocity “w” increases in linear proportion to the
distance y; thus

(w/V), = 2(y/6) ®)

The distribution across turbulent boundary layers
can be interpolated by

WV = y/&" @

The intersection of this function with w/V =1
defines the total layer thickness “4”. Within the
range of Ry = 10° to 107, boundary-layer surveys
yield approximately n = 7 in the exponent of the
equation. The value of “n” increases as a function
of the Reynolds number (7). — As seen in figure 2,
the distribution in the turbulent layer is “fuller”
than that of the laminar layer; ir. other words, the
dynamic pressures close to the surface are much
higher, if considering equal total thickness.

Total Thickness. As presented (for example) in
(8) , the total thickness of the boundary layer is for
laminar flow pattern:

§/x = 5.5/R )

In turbulent flow condition, combination of equa-
tions 18 and 19 yields

0/x = C‘F (m+ 1) (n + 2)/2n = 5.14 C¢

for n = 7. For the same value of n, using equation
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28, the total thickness in turbulent condition is
found to be

8/x = 0.154/R" 9)

Considering plane surfaces along which the bound-
ary-layer flow is first laminar, then changing into
turbulent state, the thickness at a point x is approxi-
mately

8/x = 0.154 (R,— R)/R,  (10)

In this equation, R, indicates a theoretical number,
roughly 309, lower than the critical number R, of
the surface considered. — The combined functions
of boundary-layer thickness as plotted in figure 3
against Reynolds number, resemble those of the
friction-drag coefficient in figure 6. As an example,
the thickness along a plane wall is plotted in figure
4for Ry =5 10°. As long as the flow is laminar,
the boundary layer grows along the lower curve.
Assuming, however, a critical Reynolds number
Ryit= 107, transition to turbulent flow is reached
at x/1 = 10@/(5 10(’) = 0.2. From there on, the
boundary layer thickness increases at a higher rate
than before.

Laminar Sub-Layer. Directly at a wall, turbulent
oscillations are not possible in the direction normal
to the surface. Oscillations in other directions are
prevented by viscosity. A certain sub-layer, there-
fore, remains laminar, even in otherwise turbulent
condition. The velocity distribution in the sub-layer
is essentially linear (as illustrated in figure 2) :

d(w/V)

—— =05 (§/x) R,C_
d (y/9)

(11)

(1) Oberbeck, quoted in Handb.Exp.Physik Wien-Harms
Vol1V,2; or in Lamb’s “Hydrodynamics”.

(2) Drag coefficients in laminar BL flow:
a) Janour, Plate at Low Reynolds Numbers, Prague
1947; Trans NACA T.Memo 1316.
b) Schoenherr (14,b) results in glycerine reduced
by this author to two-dimensional flow.
¢) Fage, Friction Platess ARG RM 1580 (1933).

(3) Prandtl, “Strémungslehre” (1942); English Edition:
“Fluid Dynamics”, New York 1952.

(4) Hoerner, Aerodynamics of Screens and Fabrics, Tex-
tile Research Journal 1952 p.274.

(5) Thom and Swart, J.Roy.Aeron.Soc. 1940 p-761.

(6) Schlichting, “Grenzschichttheorie” (1951); “Bound-
ary Layer Theory” by McGraw-Hill 1955.

(7) Statistical values in J.Aeron Sci. 1954 p-705.

(8) Falkner, Laminar B’Layer, ARC RM 1895 (1941).

(9) Laufer, Turbulent Channel Flow, NACA T. Rpt 1053.

(10) Rotta, series of papers on turbulent b’layers: (a)
Planck Inst. Gottingen 1950; Trans TMB 242 or
NACA TM1344. (b) Ing. Arch.1950, 277; 1951, 31.
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with G, as defined by equation 21. The correspond-
ing sub-layer thickness on smooth (constant-pres-
sure) surfaces, as derived from (6) and from equa-
tion 28, is

Seup/x = K/RNTE G, = 7.5 K/R/®

This thickness ratio decreases roughly in proportion
to 1/R,. The constant is K = 5 (as given in refer-
ence 6) for the laminar part of the sub-layer; and
K = 14 as tested in (9) to the intersection with the
exponential distribution (equation 6). These thick-
nesses are very small. Derived from equations 9 and
12, the sub-layer fraction is approximately
3

S /8gur = S0 K/RL* (19
This function is applicable in the vicinity of R =
107 and 102 The laminar sub-layer usually meas-
ures less than a percent of the total turbulent thick-
ness. This means that the sub-layer is only in the
order between 1 and 2 times 107 of the distance x
(or body length 1). As pointed out in (10), vis-
cosity and surface roughness are essentially effective
in the sub-layer, while the remaining and by far
larger part of the b’layer is predominantly a dy-
namic mechanism.

Displacement Thickness. Besides the total thickness,
other thicknesses can be defined. The displacement

thickness
=[0-w@vle a4

is a measure, indicating how far the undisturbed
outer flow is removed from the wall because of re-
duced velocities within the boundary layer. This
thickness is

& = 0315 §

in turbulent boundary layer: BA = 8/ (I+4n)

in laminar boundary layer:

where the valueofnis = 7.

Momentum Thickness. The loss of momentum en-
countered by the boundary layer along its way to
a certain point considered, is indicated by the mo-
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mentum thickness
F = [lom - o] gy

In figure 2, this thickness is represented by the area
between the respective velocity- and dynamic-pres-
sure curves. The momentum thickness is

(16)

in laminar b’layer: & = 0.12 §
in turbulent layer: = n 5/[(n+l) (n+2)]

(17)
(18)

Momentum Loss of the Boundary ‘Layer. The mass
of air which passes, during the unit of time, through
the cross section of the boundary layer, is f(b Qw
dy) . The momentum per unit time (in pounds) of
this flow is J(b @ w’dy) . The difference between this
value and that of the same mass of air at the undis-
turbed velocity “V” is f(b Q (WwV — w?) dy). After
dividing by V2 the integral in this expression is
identical to the momentum thickness as indicated
by equation 16. Hence, (loss of momentum per
unit time) = drag = b g V% After introducing q =
0.5 Q V2 and the wetted area S, et of the surface
under consideration, the skin-friction drag coeffi-
cient is found to be

Co = Dpyi/ (@ Swet) = 2872 (19)

This equation represents the simplest case (at con-
stant static pressure) of the momentum-loss tech-
nique which is widely employed in experimental
aerodynamics. The boundary layer thickness is, in
other words, a measure of the parasitic resistance
originating along the surface. By means of a pres-
sure survey across the wake (boundary layer) of a
wing section, for instance, it is thus possible to
determine the profile drag of an airplane wing in
actual flight (11).

3. FRICTION WITH LAMINAR B’LAYER

Within the range of small and moderately large
Reynolds numbers, the flow pattern of the bound-
ary layer is laminar. This means that all particles
move along lines which are essentially parallel to
each other, with velocities that are locally constant.

Skin-Friction Coefficient. Derived from the viscosity
M (inlb sec/f?) of the flowing medium, a theoreti-
cal solution (12) indicates the local drag coefficient
(based on wetted surface area)

FLUID-DYNAMIC DRAG

c d(Cp o) no[dw 0.664
tam ™ S T[] =
d(R,/Ryp) 9 [dy]o RZZ

where x = distance of the considered surface ele-
ment from the leading edge and © = C.q,inlb /ft2,
indicating the local shearing stress at the surface.
Experimental points are plotted in figure 6; and it
is seen that the upper limit for the function’s valid-
ity is in the vicinity of Ry = 10% The total or
average coefficient “Cy” of a surface is found by
integrating the local values along the length (or
chord) of the surface considered. As pointed out
in (14,a),

Ce = C_(k+])/k (22)
where k = (m — 1), and “m” as in equation 28.
In case of laminar friction thus:

Cﬂqm = qum/(q Swet) = ]‘328/\]R_}_

‘The laminar drag (in pounds) is, therefore, pro-
portional to (Cg,,, times V2) a function which is
proportional to V*°. The coefficient is plotted in
figures 1 and 5, together with results on flat plates,
tested in towing tanks or wind tunnels. The lower
validity limit of the function is in the order of Rg=
107, below which the purely “viscous” type of skin
friction takes over more and more.

4. TURBULENT BOUNDARY LAYER

At higher Reynolds numbers, after exceeding a
stability limit which is treated later, the boundary-
layer flow turns turbulent. This means that the flow
adjacent to the surface of a body is eddying, with
oscillating velocity components parallel and trans-
verse to the main flow direction. Because of these
superimposed motions, a certain exchange of mo-
mentum takes place between the various “sheets”
of the boundary layer. This dynamic mechanism
produces shearing stresses which are higher than
those in laminar condition. Magnitude and varia-
tion of the skin-friction drag coefficient are different
from those for laminar flow.

Theoretical Drag Functions. The theoretical analy-
sis of turbulent skin-friction drag is complex; an
exact solution has not been established. The avail-
able solutions are basically generalizations of experi-
mentally determined velocity distributions across
the boundary layer. Among dozens of such statisti-
cal functions, the following are the most important
ones.
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(a) Prandtl and vonK4rmin, utilizing velocity dis-
tributions determined in pipes, found for smooth
and plane surfaces (13):

3 s

Cp = T/q = 0.059/R, ;  Cp — 0.074 Ry

where C and Cg as defined before. The fuénction
is applicable for l{eynolds numbers below 10°. Such
derivation from pipe tests was later improved (6) to

=23
Cr = (2 logR, — 0.65) C‘F

giving adequate answers between Ry = 106 and 10°.

— 0.455/ (logR  ***

(b) From analysis of velocity distributions across
the boundary layer, vonKdrman (14,a) derived the
similarity rule that Cg"° is proportional to log
(RyCg) . To determine a suitable basic function for
the frictional resistance of ships, Schoenherr (14,b)
then examined all available experimental results;
and he established the equation which is widely
used today:

log (R,Cp) — 0242/VC;; Cp= Cyf (1 + 859 VTp)

As shown in figure 5, the “Schoenherr line” appears
to be valid up to the highest Reynolds numbers
likely to be encountered in human engineering (be-
tween 10% and 10'0). A simpler formula approxi-
mating Schoenherr’s within = 29 has recently been
proposed (14,c) :

1/@ — 3.46 logR,— 5.6 (26)

A
(c) Schultz-Grunow (14,d) tested velocity distribu-
tions on a plane wall (rather than in pipes). Ex-
pressed by

258
C, = 0.37/(logR,)
C; = 0.427/(1ogR, — 0.4078%* (27)

(11) See for instance J.Aero Sci.1940 p.295; or NACA
T.Rpt 660. Other sources on wake-survey method:
Betz NACA T.Memo 337 (1925); ARC RM 1688
(1936), RM 1808 (1937), RM 2914 (1944); Bollay
J.Aeron Sci 1938 p.247.

(12) Blasius, Zeitschr. Mathematik Physik 1908 p.1.

(13) Prandtl, Erg. AVA Gottingen 1II (1927) ; vonKarman,
Aerod.I.Aachen 1921 or ZAMM 1921 p.233.

(14) Magnitude of turbulent skin-friction drag:

a) vonKarman, ].Aeronautical Sciences 1934 p.l.

b) Schoenherr, Resistance of Plates, Transactions
Society Naval Architects Marine Eng. 1932.

¢) Hama, Transactions Society NAME 1954 p.333.
d) Schultz-Grunow, New Skin-Friction Drag Law,
Lufo 1940 p.239; Transl. NACA T. Memo 986.

e) Landweber, Friction Resistance, Trans Society
NAME 1953; also in Yearb.STG 1952 p.137.
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his function (recently re-examined in reference
14,€) comes close to Schoenherr’s “line”.

Tabulation of the Schoenherr Function is as follows:

viy = 100 1® 100 108 107 10°
103Cf = 718 441 293 207 153 1.17

Practical Equations. Admittedly, all of the known
solutions for turbulent skin-friction drag are semi-
empirical. Further changes and improvements are
therefore possible, as new evidence becomes avail-
able. Figure 5 demonstrates, however, that equa-
tions 25 and 27 agree well with experimental results
obtained on smooth plates or on other surfaces,
tested in wind tunnels or towed in water tanks.
Schoenherr’s function, therefore, seems to be fully
adequate for engineering purposes. His equations
(and the subsequent equations too) are somewhat
inconvenient, however, in their structure. It is use-
ful, therefore, to interpolate certain ranges of the
Reynolds number by

C

l/m
¢ = KRy

(28)

Between Ry = 10° and 108, for example, m = 6 and
K = 0.44, thus presenting a simple equation which
essentially covers the Reynolds-number range of
airplanes. Between Ry = 107and 109, the values
m = 7 and K = 0.030 may be used, closely express-
ing Schoenherr’s function. Equation 28 may also
be used for the local skin-friction drag coefficient.
With m = 6 and K = 0.036, for example, a formula
is obtained which is adequate between R, = 10
and 103 — The exponent in equation 28 is always
appreciably smaller than that in equation 22 (for
laminar boundary-layer flow). The turbulent fric-
. . . . e

tion drag (in pounds) is proportional to V '/ or
to V¥ 7 thus indicating drag which is “almost”
proportional to the square of the velocity. How-
ever, because of the wide range of the Reynolds

aco8 q
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Figure 4. Example of the distribution of boundary-layer
thickness “8” and local drag coefficient “Cy’ along a plane
wall having the length “I”. Note: distributions similar to
the presented one, have been tested on a foil section (18).
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Figure 5. Average or total skin-friction drag coefficient
of smooth and plane surfaces (in incompressible flow) in
air and in water.

number encountered both in model testing and in
full-scale operation of airplanes and ships, much

attention is given to a solution as accurate as pos-
sible.

The Local Drag Coefficient, denoted in equations
23 to 27 by Cg, corresponds to the slope of the total
or average coefficient against R‘number; hence C¢
= dCp/d (Ry/Ry), where Ry = V 1/v = R'number
on “l” which is then replaced by “x” equal to dis-
tance from the leading edge of the surface to the
location considered. The transition from laminar
to turbulent boundary-layer flow takes place within
a certain interval “Ax” of the surface considered,
as shown for example in figure 4. Theoretically, a
sudden transition is assumed, however. As a conse-
quence, at the point of transition or at the critical
Reynolds number Ry, the coefficient Cq suddenly
jumps to a peak that is ~ 10 times the level shortly
before the transition, as illustrated in figure 6. Even
considering a certain phase of transition, actually
measured local coefficients (18) reach values, shortly
behind the point of transition, which are several or
many times the minimum ahead of the transition.

Transitional Coefficient. With regard to total or
average drag coefficient, the transition from laminar

to turbulent boundary-layer flow can be approxi-
mated by subtracting from the coefficient corre-
sponding to fully turbulent flow (equations 25 or
28) , the decrement

Ac, = k/RX (29)

Prandtl (18) originally recommended the constant
k = 1700 on the basis of certain towing tests in
water (included in figure 5). The corresponding
critical Reynolds number is R~ 5 10° In various
more recent tests, much higher critical numbers
have been reached, as illustrated in figure 9.

Several transition curves have, therefore, been plot-
ted in figure 5, corresponding to k values up to 4000.

5. FRICTION OF 3-DIMENSIONAL BODIES

Pressure Gradient. On the surface of streamline
shapes, the boundary layer develops in a manner
that is similar to the way it grows on plane, constant-
pressure walls. The velocity distributions within the
layer are of the same general type (laminar or tur-
bulent, respectively) as described for plane walls.
The pressure distribution along bodies or sections
has an influence, however, on boundary layer and

10t 10% /06 07 Figure 6. Local skin-friction drag coefficient of smooth
a0lo \!\ and plane surfaces in tangential flow.
. .{258/,;7; -
\ T 8R=97-10 ®
™\ \I i
Ce \-. Ty \
aal S x KENPF PONTOONS (17,a)
- ~2aqts. 1 e SCHULTZ-GRUNOW (14d)
\ "’3"-:;3: B GOETTINGEN AVA (17,b)
3 z T P A N ACA-CALTECE (17,0
C ~"-‘6-‘/f¢k‘gk‘ E | N x + PETERS-MTIT (17,4
Tlam. . g c 037 X © XTI KURADSE (17,
k3 =0 o Y. x e
\é. . = b ésk.)“ e
000l 2 Sy 2 2 I 2 I[ .00l
a
10t 105 ﬁ\*llo‘ 107 0% RVl 107 R
~
AN



Il—FRICTION DRAG

o Ry=2 10°, with Cy = 0042

lnwmou (WITHOVT TURBULENKCE) x  Ditto, With' Tunnel = Turbulence
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Figure 7. Total thickness of boundary _layer developing
along body of revolution, as tested in (20,b).

friction drag (19). The layer thickness decreases,
and the local drag increases in a negative pressurc
gradient. Vice versa, thickness increases and drag
decreases in a positive pressure gradient; and the
local shear force reduces to zero where the flow
separates (if at all) from the surface of the body.

(16) Results on total skin-friction drag:
a) Wieselsberger, Erg. AVA Gottingen I (1921).
b) Stack, In VDT, NACA T.Note 364 (1931).
¢) ARG, In Compressed-Air Tunnel, RM 1804.
d) NPL, quoted in J.Aeronautical Sci.1937 p. 504.
e) Froude's Planks, Trans INA 1937 p.120.
f) Kempf, Werft-Reederei-Hafen 1925 and 1929.
g) Gebers, Schiffbau 1919 or in Erg. AVA IIL
h) 0006 Section, NACA T.Note 364.
i) NACA, Body, T.Note 2854 or T.Rpt 1161 (1954).
k) Locke, Stevens ETT Planks in Tank.
I) Thin Foil Sections, AVA Goéttingen Erg III.
m) Kempf Pontoons, Yearb.STG 1951 p.228.
(17) Experimental results on local skin-friction drag:
a)- Kempf, Werft-Reederei-Hafen 1929 p.234 & 247.
b) Hydrod. Probleme des Schiffsantriebs 1932.
¢) Dhawan (Caltech), Direct Measurements of Skin
Friction, NACA T.Note 2567 or T.Rpt 1121 (1953).
d) Peters (MIT), Proc. 5th Intern.Congr.Appl
Mech’s 1938.
€) Nikuradse, Turbulent B’Layers, Oldenbourg 1942.
(18) Fage, Airfoil Skin Friction, ARC RM 1852.
(19) Boundary layer and pressure gradient:
a) Ludwig & Tillmann, Shear Forces in turbulent
BL’s, Ing.Arch. 1949 p.288; also p.207, and ZAMM
1949 p.15.
b) Sandborn, Experimental, NACA T.Note 3031.
(20) Friction on three-dimensional bodies:
a) Amtsberg, Yearbook STG 1937 p.177 and 201.
b) Simmons, Airship Model, ARC RM 1268 (1929).
c) See also NACA T.Rpt 430.
(21) Laminar BL on cylinder in axial flow:
a) Cooper & Tulin (TMB), TMB Rpt 838 (1953).
b) Seban and Bond, J'l Aeron’l Sci. 1951 p.671.
c) Kelly, J.Aeronautical Sciences 1954 p.634.
d) Glauert, ProcR.Soc. (London) Ser.A 1955 p.188.
(22) Turbulent BL on cylinder in axial flow:
a) Landweber, TMB Rpts 689 (1949) and 761.
b) Eckert, J.Aeron Sciences 1952 p.23.
(28) Frictional drag along edges:
a) Okabe, Res.I.Ap.Mech 1953 No.5, Kyushu Univ.
b) Hughes, Frictional Resistance in Turbulent Flow,
Trans, INA 1952 p.287 and 1954 p.314.
c) Townsend, Boundary Layer on Flat Plate of Finite
Width, ARC Paper 16,618; FM 2042 (1954).
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Displacement. In three-dimensional streamline bod-
ies, the shape has still another influence by mere
geometrical reasons. Along the forebody, where
diameter (or width and height) grow in the direc-
tion of flow, the volume of the boundary layer is
evidently spread out over the growing circumfer-
ence. Local friction is increased accordingly (20,a).
Along the afterbody, the boundary-layer thickness
increases, on the other hand, because of the shrink-
ing body diameter. As illustrated in figure 7, upon
reaching the pointed end of the body, the ring-
shaped cross-sectional area of the boundary layer
concentrates into a circle with the approximate

diameter
d =\@3 8, drpay)

where 6° = basic b’layer thickness, as indicated for
instance by equation 9. At the end of an airplane’s
fuselage, having the usual appendages and surface
imperfections, the diameter of the boundary-layer
circle approaches that of the body’s maximum cross
section (S,). For example the fins at the stern of
an airship, accordingly operate within a broad field
of reduced velocity. The details of all these varia-
tions are usually not considered in practical appli-
cations. The average drag of streamline bodies and
sections is somewhat higher, however, than that of
an equivalent plate (plane surface of equal wetted
area and same length and Reynolds number); as
explained in the “streamline” chapter.

(30)

Axial Cylinder. Upon shrinking the diameter of a
cylinder in axial flow, having the length 1, the ratio
of boundary layer thickness to body diameter d
increases. In the extreme case of a thin “line”, the
cross-sectional area of the boundary layer is trans-
formed into a circle. The contact of the cylinder’s
surface with the outer flow and its frictional drag
are thus increased. For laminar boundary-layer flow
(21,a), the increase of the coefficient over that of
a two-dimensional flat surface having the same
length, is approximately

AC; = 2/R| = 2(1/d)/Ry (31)
A drag coefficient including this increment for 1/d
= 10, is included in figure 1. Another theoretical
solution (21,c) for the cylinder in axial flow, cover-
ing the range of smaller Reynolds numbers, is also
shown in the graph (1/d = 10). For example, at
R =1, the skin-friction drag coefficient of that cyl-
inder is = 2.5 times the coefficient of the two-dimen-
sional plate (in tangential flow).

In Turbulent Flow, the described influence of three-
dimensionality is estimated (22) to yield a

AC; 1/d 1/d
%o 1 1
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where k between 0.022 and 0.025. For example, at
Rl_ 10% and a length ratio l/d = 10, the increment
is in the order of 1.59,. There is some experimental
confirmation (23,b) of this function up to 1/d =
600. For 1/d = 10, the effect is so small, however,
that it cannot be demonstrated in figure 1.

% SHORT SHEETS (23,b)

3
6 |19C =516 + LONG PONTOONS  (23b)
/ e SCHOENHERR  VALUES
5 K /'/.lo‘
by, 2" "
i . . ———— =210
=0T =107
3L e "
=10®
) R + * - + r—
2 No,m
|
l/b -
0
0 lo 20 30 49 S50 60

Figure 8. Skin-friction drag coefficient of flat plates (w1th
2 longitudinal edges) as a function of t.helr length ratio
(23,b) . Note: Results below Ry = 2 10° are debatable
because of type and compensation of BL stimulation em-
ployed in the tests.

Longitudinal Edges. The edges of a plate in longi-
tudinal flow exhibit an effect similar to that in
slender cylinders. On the basis of theoretical bound-
ary-layer functions in laminar flow (23,a), the drag
due to a pair of edges in this type of flow is esti-
mated to be

AcC

¢

believed to be valid between Ry = 103 and 10° This
drag increment (referred to the wetted area of the
plate considered) roughly corresponds to the cir-
cumference (2 b) of the “strip” considered as com-
pared to (=d) of the cylinder. — For turbulent flow,
figure 8 presents results of sheets and pontoons
(each with two longitudinal edges) towed in a
water tank. Assuming now that the edge effect fol-
lows the pattern of equation 32, evaluation of the
tested slopes (above Ry = 10") yields the drag co-
efficient for a pair of edges

= 29(I/b)/R, (33)

AD 0.0045 ACF 1/b

C, = = ; or = 0.03 —
2 ’ s
f2 g2 R£/5 Ce, RJ{

where AC, is referred to the wetted area (2 b 1).
This increase of turbulent friction due to lateral
edges or that due to curvature (equation 32)
generally insignificant in fullscale aircraft or ship
applications. In precise model testing (below Ry =
), the influence may be noticeable, however. —
A different mechanism, involving a secondary flow
from the center of the plate toward the edges is
proposed in (23,c). It is believed, however, that
equation 34 correctly describes terminal conditions
at higher 1/b ratios, while the solution in (23,c)
may apply to ratios below 1/b = 5 — where the
effect appears to be negligibly small in the first place.

FLUID-DYNAMIC DRAG

6. TRANSITION OF B'LAYER FLOW

Origin of Turbulence. In the vicinity of R .= 10°
the boundary layer originating along an undisturbed,
smooth, plane, constant-pressure wall — reaches a
critical condition. The dynamic flow forces become
predominant over the viscous forces. As a conse-
quence, the layer (still being laminar) exhibits a
wave motion. Subsequently this motion breaks up
into turbulent oscillations. The so far molecular
(viscous) exchange of momentum is largely re-
placed by a macroscopic exchange of mass; the skin-
friction resistance is correspondingly increased. The
turbulent transition usually starts at the trailing
edge, where the Reynolds number R, is greatest.
Upon increasing Ry above Ryit, transition point or
line move steadily forward. The leading edge is only
reached at R — oo ; hence a certain, more or less
small part near that edge always remains laminar.

Stability Limit. If after disturbing somehow the
boundary-layer flow, a wave motion is produced,
this motion may either be damped (where upon
the laminar character continues) , or the motion may
grow in amplitude thus leading to turbulence. The
stability of the boundary layer in this respect has
been analyzed (5). In agreement with experiments
(25.€), the flow is found to be sensitive only to a
certain range of disturbing frequencies. At highest
critical Reynolds numbers, these frequencies are
in the order of 2 (V /10°7) per second. In standard
sea-level air, the resulting frequency is, for exam-
ple, in the order of 1000/sec for a wind-tunnel
velocity of 90 ft/sec; or in the order of 10,000 /sec
for an airplane flying at 200 mph. In both examples,
the frequencies are within the range which can be
heard by the human ear. Indeed, transition within
the boundary layer can easily be detected through
the use of a stethoscope (24) . Connected to a small
Pitot tube (“needle”) placed near the surface to
be investigated, this medical instrument makes the
turbulent oscillations audible as a noise which is
between “hissing” and “‘thundering”. — Theoretical
analysis (25,c) also indicates a limit of the Rey-
nolds number below which the b’layer flow is al-
ways stable. For constant-pressure surfaces, this lower
limit is estimated to be in the order of R= 6 10%

Transition. Proper frequencies are a prerequisite
for transition. The Reynolds number at which
transition really takes place, is then a function of
the amplitude of the disturbing influence. Bound-
ary-layer waves can be excited by surface roughness,
through mechanical vibrations, by sound waves, or
because of the turbulent oscillations in the artificial
stream of a wind tunnel. Statistically, to be inde-
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pendent of body shape and pressure distribution, a
Reynolds number based upon the thickness of the
laminar boundary layer (directly ahead of the tran-
sition point) is being used to indicate transition.
Based upon displacement thickness, Ry =V §, /Y
= 2650 has been found in (26,a), for example, in
a low-turbulence tunnel. Based upon momentum
thickness ‘&, maximum R3 values have been re-
ported by other researchers up to 1000, before tran-
sition takes place. For constant-pressure surfaces,
the critical Reynolds number on length x, is

2
R = 0.34 R = 2.3 R
xtr. = A 3
2
A S
|
PLANE SURFACES:
34— .—}_ + HALL'S HISLOP (26,0
% 8ln or SiANDs (39
x
l\ IO R‘m ® PLATE, LT TUNNEL (37;)
or R SLENOER AIRSHIP
o *trans NACA T RET STZ())DE%ZSA K
. . NPL(LYON)
3\ TESTED ON SPHERES:
% * IN FREE AIR {27 ,b)
Ay © HOERNER TESTS (27,b)
2 .—‘\_..____ a NACA (T.RPT 342) (27,a}
*1 A NACA (TRPT 581) (27.0)
3
\Enmmu.: R = £210 e o et e i lace 0 X
A
\
| \; 1 4
l\:‘\(
R, RooT-MEAN SQUARE VELOGTY  /cvep
Q\-’\A FLUCTUATIONS v
- sn\mssh | » I. ‘..-{—.._ \
0 | + >
0 | 2 3 4
Figure 9.  Critical Reynolds number (indicating bound-

ary-layer transition) of plane walls (plates in tangential
flow), slender airship bodies, and spheres, as a function
of stream turbulence. To make the results on bodies, com-
patible with those on plane surfaces, the Reynolds num-
bers of the airship bodies have been based upon 0.5 1 and
those of the sphere upon the radius rather than diameter.

(24) Pfenninger, Profile Drag, Mitt. 8 Zurich (1943).
(25) Stability of laminar boundary layers:
a) Tollmien, Trans NACA T.Memos 609 and 792.
b) Schlichting, Nachr.Ges.Wissensch.Gottingen Math.
Phys.K1. 1933 and 1935; also ZAMM 1933 p.171 or
Forschung Ing'wesen 1950 p.65; or (6).
¢) Lin, Qu.Appl.Math. 1945 II,117;111,218;IV,277.
d) J.Aeronaut.Sciences 1951 p.490 and 1953 p.19.
€) Schubauer-Skramstad (BOS), B’Layer Oscilla-
tions, NACA T.Rpt 909 and J.Aeron Sci. 1947 p.69.
(26) Transition as a function of stream turbulence:

a) Hall-Hislop, Experiments, ARC RM 1843 (1938).

b) NACA Airship Models, T.Rpt 342 and T.Note 264.

c) Lyon, Airship Models, Aircraft Eng 1934 p.234.

d) ARG, Effect of Slip Stream on B’Layer, RM 1957.
(27) Experiments with spheres in turbulent streams:

a) NACA Technical Rpts 342 and 581.

b) Hoerner, Lufo 1935 p.42; Transl. NACA T.Memo.
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The values quoted, thus yleld critical numbers
Ry trans in the order of 2.4 10°. Still higher values,
up to 3.7 10° have been found under favorable con-
ditions (see in figure 9).

Stream Turbulence. Figure 9 presents experimental
material indicating the critical Reynolds number
on plane walls, plotted against the mean-square

" ratio of the turbulent velocity fluctuations prevail-

ing in the stream of wind tunnels. As a function of
this amplitude of the generally isotropic (this means
in all directions) and polytropic (this means with
various frequencies) oscillations, the critical Rey-
nols number is seen decreasing at a maximum ratio
of more than 20 to one. The frequency of the oscil-
lations is not reported in figure 9. Its influence
should be involved, however, in the results. This
becomes evident in turbulence tests in the free
atmosphere, where the amplitudes are expected to
be comparatively large and the frequencies corre-
spondingly low. Sphere tests (27) seem to indicate
only very little boundary-layer-affecting turbulence
in the atmosphere. — Considerable degrees of tur-
bulence exist behind propellers. Reference (26,d)
shows, for example, that the transition point on the
suction side of a conventional wing section is moved
forward because of the propeller (full-power or
idling alike) from 279, to 69, of the chord.

.o \
%X Brunswick Surfoce { .¢)
g \ R + Increased Turbulence {_ )
0. xtrans o AVA Flat Plate (28,0}
\ 10@ © Sphere in Free Air  (28,b)
4 Sphere in W'Tunnel (28b)
\ a Circutar Cylinder
— Xe—x
0.b fo—e— ¢ \
LN * \
.
—\ N
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. ~
\_"’( ~ 4 K
\K\, ot —
3\\ %,
0.2 '»21}"\0 . \.\- —_—
H\‘— x'\
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Figure 10. Transition Reynolds number on plane wall
and of round bodies, as a function of sand roughness.

Surface Roughness. For roughness, uniformly cov-
ering the whole surface, figure 10 shows how the
critical Reynolds number steadily decreases as the
roughness grain size is increased. Turbulence in the
wind tunnel stream has a superimposed effect, rough-
ly cutting off the function due to roughness at certain
levels of the critical R’'number. It is suggested that
R ¢y grows very high at (k/x) — 0, provided that
turbulence is completely eliminated; and there does
not seem to be any permissible grain size then, with
respect to transition. However, in turbulent streams,
there is evidently some permissible sand roughness
the size of which can be read from figure 10. Results
on spheres and cylinders, also included in the graph,
prove that in such bodies pressure distribution,
more than roughness, dictates b’layer transition.
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Protuberances. As shown in (29), single but two-
dimensional protuberances (for instance a wire with
diameter d, placed across the direction of flow at
some station x of the length or chord), evidently
exhibit a critical size. The Reynolds number R 4.
at which the transition point begins to move for-
ward from the original station x (located aft of xy)
is a function of the height ratio d/8,, where 8 =
displacement thickness of the laminar boundary
layer. On the basis of the experimental results in
figure 11, the permissible size is estimated to be in
the order of

ket = (0.2 10 0.3) §, (36)
25.X J v—> .
N e m e ™ T BL
\ R - P
\x I
\
20 1 1 % i,
! Rx’i.rqns
AL A
. \x\‘ 10
1.5 \
\ % Tani-Ha-Ya (31,b)
+ o0 A Bur of Stonds {32,b)
+ Q\ s Toni-Hama (31,0)
Lo | L] Y + Stiiper, Glas (32,c)
' \‘\A © Brunswick (28,c)
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0 0.2 ok 006 08 1.0 1.2 14
Figure 11. Non-dimensional representation of transition

number of plane surfaces for single protuberances (wires
across span) placed in the forward part of the surface
(with 6A taken at the place of the protuberance).

Single Elements of Roughness (spaced in lateral
direction on a plane wall) essentially show a unique
Reynolds number Ry = w d /v at which transi-
tion “suddenly” takes place. For spherical elements
(with diameter “d”), experiments (32,b) indicate
a critical number in the order of Ry}, = 600 de-
fined for “w” = speed within the boundary layer at
a distance from the surface equal to the diameter
of the spheres tested.

-0.5. 0 02 o4 0.6

Figure 12. Influence of the leading-edge shape upon
boundary layer and profile-drag coefficient of

a foil section, as tested in (34).
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Forced Transition. Upon increasing the size of a
protuberance, transition of the boundary layer flow
can be produced directly behind the obstacle. Be-
hind isolated bodies (such as rivet heads, for exam-
ple) turbulence then spreads out over a wedge-
shaped area having a vertex angle (32,a) in the
order of 2 times 10°. Turbulent areas with angles
of similar magnitude also originate on the surface
of wings along the adjoining walls of the fuselage
(87,e) or the engine nacelles, and along lateral
edges (24). — As found in experimental investiga-
tions of two-dimensional protuberances (33), the
laminar boundary layer may separate from them.
At a short distance behind the obstacle, the flow
then turns turbulent; and it reattaches itself in this
condition to the surface. — Figure 12 presents the
influence of three different leading-edge shapes upon
boundary-layer flow and profile drag. A sharp edge
forces transition on the suction side immediately
upon leaving the symmetrical (zero-lift) angle of
attack. The section with a rounding radius at the
leading edge exhibits transition on both sides be-
cause of a pressure minimum (on each side) in the
pressure distribution of this shape. A parabolic
shape avoids such distribution; both sides evidently
have laminar flow and the profile-drag coefficient
shows the “bucket” that is typical of laminar-flow
sections.

7. LAMINAR-FLOW FOIL SECTIONS

Theoretical Possibilities. Within the range of small
lift coefficients (that is, in case of an airplane at
higher flying speeds), the resistance of thin wings
consists almost entirely of skin-friction drag. Upon
increasing the Reynolds number, the transition
point of the boundary layer tends to move forward;
the skin-friction drag coefficient increases accord-
ingly, along a transition curve similar to those shown
in Figure 5. Postponing, however, the transition to
higher Reynolds numbers, by some suitable means;
that is, by keeping the boundary layer “artificially”
laminar — it is theoretically possible to obtain sub-
stantial savings in drag. As shown in figure 18, the
skin-friction drag coefficient of plane plates decreases,
roughly along straight lines, upon moving the tran-
sition point_from the trailing to the leading edge.
At RK = 107, for example, the fully laminar resist-
ance 1s only in the order of 1/7 of the fully turbu-
lent value. Hence, laminarization of wing- and fuse-
lage surfaces of modern high-speed aircraft appears
to be an attractive possibility for the aerodynamicist.
The graph also shows some experimental results.
Beyond x/c = 709, (corresponding to maximum
thickness location at between 55 and 609, of the
chord), pressure losses along the tail increase to
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EXPERIMENTAL RESULTS:

X DVL (34) AGAINST TRANSITION POINT
© NACA (238) AGAINST MIN PRESS POINT
- 4 .tic = 12% DVL AND NACA (38 and 48)
-0l0 chmn =2 CF 8 PLOTTED AGAINST TRANSITION POINT
Iy + NACA 2,0} STIMULATION BY "PINS*

Figure 13. Theoretical (85) and experimental variation
of skin-friction drag as a function of transition-point loca-
tion along the chord of foil sections.

such an extent that the beneficial effect of laminari-
zation is reduced and terminated with respect to
total drag.

(28) Influence of sand roughness:
a) Holstein, Friction Plate, ZWRB Rpt UM 3110.
b) Hoerner, On Spheres, Lufo 1935 p-42.
¢) Feindt, On Plate, DFL Brunswick Rpt 1956/10.
(29) Dryden, Review, Journal Aeron Sci. 1953 p-477.
(80) Fage and Warsap, Effects of Turbulence and Surface
Roughness on Drag of Circular Cylinders, ARC RM
1283 (1929). The grain sizes have been determined
by author from samples made available by NPL.
(31) Japanese investigations:
a) Ta-Ha-Mit, Aero Res.Inst.Tokyo Univ.Rpt 199.
b) Tani and Hama, J.Aeron Sci. 1953 p.289.
¢) Ta-Ha-Ya, Inst.Sci.Tech.Tokyo Univ. 8 (1954).
(32) Influence of single roughness elements:
a) Scherbarth, Yearbook D.Lufo 1942 p-L5L
b) Schubauer (BOS), BI. Transition, J.Aeron.Sci.
1955p.803; also NACA T.Note 3489.
c) Stiiper, Transition Wire, ZFW 1956 p.30.
(33) Laminar separation and reattachment investigated:
a) ARCRM 1878,
b) NACA T.Note 1196 (1947) and 2338 (1951).
¢) NACA T.Memo 1352.
(34) Doetsch, Foil Sections in DVL Wind Tunnel, Year-
book D.Luftfahrtforschung 1940 p.1,54.
(35) Skin-friction as a function of transition:
a) Fedjajewsky and Goroschtenko, Techn.Wosd.Flota
1940 No.7; Transl NACA T.Memo 822.
b) Squire and Young, ARC RM 1888 (1938).
(36) Influence of pressure distribution:
a) Schlichting, Critical R"Number — Pressure Gra-
dient, Yearb.D.Lufo 1940 p.I,97; NACA T.M. 1185.
b) Goertler, Influence of Camber on BL Stability,
ZAMM 1940 p.138, 1941 p.250; Transl 1588 BMAP.
¢) Liepmann, Experimental BL Transition on Curved
Walls, NACA ACR Rpts, 1943 and 1945,
d) Granville, Viscous Drag, TMB Rpt 849 (1953).
(37) Location of Transition point of sections:
a) Calculation, Tech.Wosd.Flota 1940 p.55.
b) NACA T.Rpts 636, 637 (1938) and 667 (1939).
¢) Plenninger, TH Ziirich Heft 18; NACA TM 1181.
d) Jones, Flight Experiments, J.Aer. Sci. 1938 p.8l.
€) Wijker, Netherland NLL Rpt A.1269 (1951).
f) Preston and Gregory, Transition and Drag of
Laminar-Flow Wing, ARC RM 2499 (1952).
g) Lyon, Streamline Bodies, ARC RM 1622.
h) NACA, Thin Section, Technical Note $8505.

derg)
PRESSURE GRADIENT J(*/‘_i)
|

t i o
-0.6 — o4 —-02 /] +0.2 +04

Figure 14. Theoretical prediction of the Reynolds num-
ber indicating instability (not yet transition) of the bound-
ary-layer flow, evaluated from (36,a).

Pressure Gradient. The stability limit of the bound-
ary layer is very much a function of the static pres-
sure gradient in which the layer develops. As shown
in figure 14, the stability number R ¢ stqb may
change in this respect between such limits as less
than 10* and higher than 107. The analysis indi-
cates that the essential condition for termination of
boundary-layer stability, is an inflexion in its veloc-
ity distribution. Such an inflexion in the straight
part of the laminar function in figure 2, can “easily”
be produced by a positive pressure gradient. A nega-
tive gradient, on the other hand, tends to acceler-

-ate the part of the boundary layer adjacent to the

surface, thus preventing or postponing the forma-
tion of inflexion and turbulence.

Transition Point. Reaching the point of instability
does not yet mean transition from laminar to turbu-
lent flow pattern. An additional distance Ax is re-
quired within which turbulence develops. No
simple function is available to date for predicting
the magnitude of this distance. The point of lami-
nar separation — which is only a function of shape
and attitude of the body involved — is accepted as
the ultimate location of transition. Another piece
of information comes from the investigation of the
influence of longitudinal camber or curvature on
boundary-layer stability (36,b and c). On convex
surfaces, such as at the upper side of foil sections,
the stability limit (in terms of local velocity and
boundary-layer thickness) is approximately the
same as on a plane wall (figure 14). However, on
concave surfaces, the stability limit reduces rapidly
as the radius of curvature is decreased. For example,
for a radius r equal to 10*a} (where @ = momen-
tum thickness of the b’layer), roughly representing
the cusped tail shape in certain laminar-flow foil
sections developed by the NACA (38) — the sta-
bility Reynolds number is reduced to the order of
1/2 of the plane-surface value. Concave shape and
positive pressure gradient, therefore, combine in
these sections to produce transition, shortly aft of
the minimum-pressure point. Considering now this



4 X.I Ax
— e Y. T T © NACA (B
+ tin x  RUSSIAN (@)
a NACA (d)
\ + ZORICH (c)
3 o. » NETHERLD (e)
T+ A ARC REF. ®
¢ ARC BODY (g}
\... ~ NACA FOIL  (R)
+0, |
2 e
+. .
\:.
| B qD\o R
n\C&;XO Xmin
O | b -%“a*x.ég_. - I
7
lo® 10® 10

Figure 15. Statistical evaluation of (37) indicating the
location of the transition point behind the
point of minimum pressure.

point to be a lower limit with respect to transition,
figure 15 presents a statistical evaluation of avail-
able material. The distance Ax, behind the point
of minimum pressure (indicated by “min”) de-
creases steadily as the Reynolds number (on X,
is increased. Results in (37,h) show, however, that
the function suggested in the graph, does not very
well apply in peaked pressure distributions, such
as found near the LE of thin and/or symmetrical
sections at higher lift coefficients. Reference (36,d)
shows in this respect, that transition occurs the
sooner, the higher the average pressure gradient is,
between the point of neutral stability and the tran-
sition point.

Location of Maximum Thickness. A way of provid-
ing a mnegative pressure gradient, and to move the
minimum-pressure point downstream, is to place
the maximum thickness of a body or that of a foil
section as far back as practicable. Laminar profiles
of this type have been developed in various coun-
tries. The NACA (38) has investigated several se-
ries of foil sections (for example those beginning
with the numbers 64 and 65) . One of these sections
was employed in the North American “Mustang”,
a fighter plane which was in active service around
1942. Reference 39 and some experimental points
in figure 18 are evidence for the attention which
this section has found at that time. — Laminar pro-
files have a thickness location between 40 and 659,
of the chord, in combination with a comparatively
pointed nose and possibly with a cusped afterbody.
All these characteristics help to produce the desired
negative pressure gradient. Since this gradient is
also proportional to the thickness ratio t/c, a rea-
sonable minimum value of this ratio is required to
make a laminar profile. Figure 16 shows as an ex-
ample a section with the thickness located at 509,
of the chord and the pressure minimum approxi-
mately at x/c = 559,.
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Figure 16. Shape and pressure distribution of two sym-
metrical foil sections, differing in the location
of maximum thickness.

Influence of Lift Coefficient. Figure 17 presents ex-
perimental results on a similar section; the mini-
mum drag coefficient is appreciably reduced below
that of an “ordinary” section having the same thick-
ness ratio but with the maximum thickness located
at 309, of the chord. The reduced coefficient is re-
stricted, however, to a comparatively narrow range
around the “optimum” lift coefficient (which hap-
pens to be zero in the example) . The bucket-shaped
part of the Cy(C_) function usually comprises a
AC_ =+ and — (0.1 to 0.2) . Outside the “bucket”,
the flow around the foil’s leading edge disturbs the
boundary layer (on one side) so that it turns tur-
bulent very shortly aft of the edge. Employing a
suitable value of section camber, the “bucket” can
be placed around the lift coefficient which prevails
in the high-speed or cruising condition of the re-
spective airplane, without losing any or much of
the laminar effect (38).

CD‘OIZ 65-009 WITH STANDARD ROUGHNESS

N\,
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~65-009 — 509% —- x/c
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-6 -k -2 0 o2 o o6 08 Lo 12

Figure 17. Profile-drag coefficient of various foil sections
as reported in (38) . Two of the sections show the “bucket”-
shaped drag minimum which is typical of laminar-type
airfoil sections.
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Experimental Results. Figure 18 presents the ex-
perimental results of several laminar-type foil sec-
tions, as a function of Reynolds number. To show
the correlation of these results with the theoretical
skin-friction functions, a set of lines has been in-
cluded representing (2 1.25 Cg) = 2.5 C,. Doing
this, the “2” indicates the two 51des of the investi-
gated foils; the ““1.25” approximately takes into
account the average increased dynamic pressure
along the section sides due to their finite thickness.
— The graph shows that the drag coefficients of
sections with the maximum thickness in the vicinity
of 309, of the chord, as they have been common in
airplane design for at least 2 decades — approach
the fully turbulent skin friction curve above R, =~
10", The coeflicients of the laminar type sections,
on the other hand, are seen steadily decreasmg to
and beyond R = 107. Their profile drag is, on the
average, only about half as high as that of the “older”
sections. Roughly half of the differential between
fully turbulent and fully laminar skin-friction drag
is saved in this manner. Theoretical lines are also
included in figure 18 for transition locations at x /c =
0.4 and =

(38) Abbott-Doenhof-Stivers, Airfoils, NACA T.Rpt 824.
(39) Wind-tunnel experiments on “Mustang” section:

a) German ZWB Rpts UM 1190 and 1724 (1948).

b) British ARC RM 2359 (1946).

Riegels, Russian Laminar Profiles, ZWB Rpts UM
3040, 3056, 3067 and 3159 (Gottingen 1943, 1944).
Minimum profile-drag of laminar-flow airfoils:

a) “Tokyo LB 24" Airfoil, ZWB Rpt UM 2100.
b) Practical-Construction Wings, NACA T.Rpt 910.
c) Fage-Walker, NPL Tunnel, ARC RM 2165.
d) Several Airfoil Sections, NACA T.Rpt 964.

€) NACA W.Rpt L-138 (1944) shows that the 65-418
section, with a minimum coeﬂicxent Cps = 0.004 be-
tween R, = (2 and 5) 10°% has values to 0.01 and
0.02 below R, = 10° — ev1demly because of laminar
separation from the rear.

Effect of roughness upon transition:

a) Loftin, NACA Wartime Rpt L-48 (1946).

b) Fage, EQH 1260 Foil Section, ARC RM 2120.
Smith and Hilton, Flight Tests on “King Cobra”
Having Low-Drag Aerofoil, ARC RM 2375 (1950).
See also RM 2485 on maintenance of Laminar-Flow.

(40)

(1

(42)

43)

survey technique.

Stream Turbulence. Upon 1ncreasmg the Reynolds
number above R, =~ 5 10° , several of the investi-
gated sections show a steady forward movement of
the transition point. It is suspected that the turbu-
lence of the wind tunnels used in those tests, is at
least partly responsible for the movement. It has
only been after the development of their Low-Tur-
bulence Tunnel that the NACA obtained the low
drag coefficients as shown in the graph. Figure 9
serves as illustration for the influence of stream tur-
bulence on boundary-layer flow. The turbulence in
the atmosphere, which might be expected to affect
the boundary layer of airplanes, appears to be quite
low. It seems to be correct, however, that sound and
vibrations produced by aircraft engines, have a no-
ticeable effect on the transition point in the bound-
ary layer. A strong source of turbulence is finally
the propeller slip stream, as mentioned in connec-

tion with (26,d).

Surface Roughness. As “‘permissible”, we will define
such surface imperfections and protuberances that
do not show an effect upon the magnitude of drag.
Permissible sizes evidently exist in the range of
smaller Reynolds numbers, where the transition
point of the boundary layer is either to be expected
beyond the trailing edge, or where transition is
forced by the shape of the foil section (by a cusped
tail, for example, or by the laminar separation
point) . Small Reynolds numbers are not of much
concern, however, in aircraft applications. Condi-
tions in the range of higher R’numbers (in the
order of 10') can be appraised on the basis of gen-
eralized functions such as shown in figure 10. For
“sand” type roughness (uniformly covering all of
the surface) that illustration indicates some per-
missible lower limit for the size of roughness ele-
ments. Reference (38) disagrees with this conclu-
sion in saying that “no roughness detectable to the
finger tips should be allowed” on laminar-type air-
foils. The imperfections (rivet heads and sheet-
metal joints) and possibly paint roughness encoun-
tered in practical-construction wings, may have an
effect similar to that of distributed sand roughness.
It is shown in figure 18 (among others) how the
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Figure 19. Permissible size of single protuberances on the
surface of laminar-type profiles, near zero lift (42).

drag coefficient of such a wing (39,a) starts increas-
ing at a Reynolds number (3 10%) which is con-
siderably lower than that of the perfectly smooth
model (starting at 7 10(7). Other tests (41,b) con-
firm the deterioration of laminar characteristics on
account of surface imperfections. Figure 17 also
demonstrates how laminar flow and low drag are
wholly eliminated by placing a narrow sand strip
near the leading edge of the foil section. Reference
43 reports on the operational aspects of laminar-
type wing sections; and figure 20 shows results of
flight tests with a high-speed airplane. After clean-
ing up the various constructional imperfections of
the wing’s surface, the drag coefficient is reduced
roughly to one third. However, dust (accumulated
on the wings at the ground) and insects (picked up
during the flight) provide a degree of roughness
sufficient to increase the minimum section-drag co-
efficient from 0.003 to 0.004 and even 0.006 in this
example. Nevertheless, there can be a permissible
size in single roughness elements explained as fol-
lows.

Permissible Roughness. It has been concluded from
figure 11, and it is stated in the text, that a certain
minimum size (height) of single roughness ele-
ments is permissible without producing turbulence
in the boundary layer. The size indicated by equa-
tion 36, is in the order of k/c = 4 107, at R, = 10’
for example. For an assumed length of ¢ = 10 ft,
the resulting size is k = 5 mils, a value which (al-
though small enough) is nevertheless high in com-
parison to the “sand” sizes considered permissible
in turbulent boundary layer (Chapter V). Figure
19 shows the critical size (defined by a divergence
of the drag coefficient against that of the smooth
foil model) of single protuberances placed at certain
stations of the chord of a foil section. The permis-
sible size decreases considerably as the Reynolds
number (speed) is increased, roughly in the pro-
portion of k ~ 1/R.. The ARC results on two-
dimensional disturbances (across the foil span)
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Figure 20. Results of flight tests on the wing of “King
Cobra” (43) showing (a) the profile drag “as received”
and (b) after reducing the skin imperfections.

roughly agree with those found for plane walls
(equation 36) . The NACA results on the influence
of spanwise rows of “pins” (spaced in lateral direc-
tion at 0.033 c) suggest a permissible k = c/104 at
Re= 107, a value which is about twice as high as
that for the two-dimensional protuberances. Some
explanation on this type of roughness is given un-
der “‘single elements”.

Boundary-Layer Suction. Another method of keep-
ing the boundary-layer flow laminar, is suction.
Through small slots in the surface or through a
porous surface material, a suitable part of the lami-
nar boundary layer is sucked into the hollow wing
(and ejected downstream somewhere else) . For an
understanding of the efficiency of this procedure,
definition of the resultant drag is necessary. Upon
eliminating all of the boundary layer by suction,
the momentum loss left behind in the wake would
be zero. Reducing, however, the velocity of a stream
tube to zero, as is done in suction, means a transfer
of the corresponding momentum onto the wing in
the form of drag. The power necessary to remove
the boundary layer, or “to pump it back to full
total pressure”, can be expressed in the form of an
effective increment of the drag coefficient:
ACD = G,Cq (36)

where Cy = Q/VS = w/V; and Q = volume of air
sucked in the unit of time (ft3/sec). In the arrange-
ments which are here considered, the volume Q is
meant to be that of the two sides of the considered
foil sections, referred to the wing area S. “Cy’ is a
pressure coefficient. In test conditions where the
drag is measured by a wind-tunnel balance,
Cp = (Pamb — Pins.)/q (37)

is to be used in computing ACj. In a test setup
where the profile drag is determined by wake sur-
vey (as considered above), rather the total-pressure
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Figure 21. Example for laminarization and drag reduc-

tion by means of boundary-layer control. The presented
results apply to a 109, thick section (44,a) whose boundary
layer is mostly sucked into the hollow wing through the
porous skin.

difference between outside and inside

Cott = (4+ Pamb —Pins)/q = 14+ Cy

must be applied in determining the additional com-
ponent of drag. Besides some pressure drop across
the slotted or porous skin of the wing, the coeffi-
cient G includes the differential due to section
thickness and possibly another differential due to
lift. Values for the coefficient are in the order of

CP: 0.3 to 0.6, for slender sections near zero lift.

Reduction of Drag. Figure 21 demonstrates how
the profile drag of a section decreases (rather sud-
denly in the example presented), upon reaching a
certain critical volume coefficient of suction. Only
very little momentum deficiency is remaining in
the wake behind the foil. After adding the drag
coefficient equivalent to the energy spent in sucking
(equations 36 and 38), the effective or “total” co-
efficient is obtained. This coefficient shows a mini-
mum value at an optimum suction coefficient. Upon
further increasing the volume, the total coefficient
increases again. Figure 22 presents optimum total
coefficients as a function of the Reynolds number.
It is seen that for favorably designed suction foils,
drag coefficients can be obtained which are com-
paratively close to the laminar level.

(44) Boundary-layer control through suction:
a) Braslow and Others, Suction on 64-010 Airfoil,
NACA T.Rpt 1025 (1951) ; or T.Notes 1905 and 2112.
b) Pfenninger, 179, Airfoil, J.A. Sci. 1949 p.227.
¢) Raspet, Sailplane, Aeron Engg Review June 1952.
(45) Lachmann, Laminarization Through Suction; Aer.

Engg Review 1954 p.37, or AGARD Rpt AG 14/P5.

(48) DVL, Airfoils in High-Speed Tunnel, unpublished
Rpt J£727 (1944).
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Figure 22. Total profile-drag coefficients of some airfoil
sections successfully using boundary-layer control through
suction (reference 44).

Required Suction Volume. The quantity of Cg is
important for the size of the suction machinery re-
quired. Figure 23 presents optimum experimental
values for several sections (at C, =~ zero). The
required volume coefficient is essentially propor-
tional to the laminar skin-friction drag coefficient,
which is proportional to 1/VR. There is also a
theoretical estimate available (6) predicting for a
flat surface a coefficient of Cq= 0.00012 and a cor-
responding drag coefficient C¢ = 0.00024. It is sug-
gested that these two values (each doubled to
account for the two sides of a foil section) are the
ultimate levels to which Cg and Cpy 4. may, pos-
sibly reduce at Reynolds numbers between 10® and
109, Experiments prove that drag reductions similar
to those in figure 22 can also be obtained at higher
life coefficients. For the suction side of the foil, the
pressure coefficient roughly increases as tested in

(44,0 by AC,= C,.

3
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Figure 23. Minimum suction volume required to produce

laminar boundary-layer flow in airfoil sections.

Surface Roughness in the spaces between openings,
holes or slots permitting suction, can have a very
detrimental effect upon the drag of these sections.
Laminarization through slots is treated in (45) ; and
the influence of surface roughness is explained there
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at length. Suction reduces the boundary layer thick-
ness; and the layer grows again between slots. This
up and down of thickness has critical limits, an
upper one with regard to laminar stability, and a
lower one on account of roughness. Turbulent flow
is obtained beyond either limit; by under-sucking,
respectively, or oversucking (44,c). Since permis-
sible roughness reduces with speed, maintenance of
laminar flow grows more and more difficult, as speed
(not Reynolds number) , or more precisely (V/v')
is increased. Laminarization through suction is,
therefore, a rather sensitive operation. Since the re-
quired mechanical equipment (blower and ducts)
also adds to the complexity of aircraft, boundary-
layer control has so far primarily been considered
and tried in airplanes to increase the maximum lift
(at low flying speeds, by preventing separation)
rather than with a view toward reducing drag at
high speeds.

Turbulence Stimulation. Figure 24 shows once more
the correlation“between transition point and profile
drag, in a laminar-type foil section (without suc-
tion) . As the lift coefficient of the symmetrical shape
is changed to positive or negative values, the suction
side turns turbulent from 209, and even 109, of
the chord. The drag coefficient roughly doubles at
the same time, although the pressure side stays lami-
nar to some 809, (essentially, without being affected
by lift) . Such laminarization (on the pressure side)
evidently takes place in many common foil sections,
caused by the natural pressure gradient (at positive
angles of attack) between stagnation point and trail-
ing edge. Figure 24 also shows the influence of uni-
form “sand” type roughness on the characteristics
of that foil. Although at of and C| = 0, transition is
essentially unchanged by the modest degree of rough-
ness applied, transition at the suction side progresses
rapidly upon exceeding an interval of C_ = = 0.05.
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Figure 24. Correlation between minimum section drag
coefficient (at bottom of bucket) and location of transition
point in the lammar type airfoil section shown, tested (48)
at Rp =3 10% (a) in smooth cgndmon, (b) with uniform
sand type roughness k=6cl07).

roughness reaches higher drag values corresponding
to fully rough condition where the drag coefficient
becomes a function of grain size “k” and velocity,
rather than of Reynolds number. A corresponding
line calculated on the basis of figure 4 in Chapter
V, with a factor of 1.3 to account for section thick-
ness, is included in the graph. On the other hand,
a roughness strip placed at the airfoil’s nose, has
primarily a turbulence-stimulating effect, thus in-
creasing the level of the drag coefficient from mostly
laminar, to mostly smooth-turbulent condition
(without presenting much drag of its own) . For both
the uniformly distributed sand, and for the turbu-
lence strip, some “permissible” size is evident in
figures 24 and 25. Favorable pressure gradients evi-
dently stabilize the boundary layer. The fact that
the strip shows a permissible value, appreciably
smaller than that of the sand type roughness, must
be laid to the considerably higher Reynolds number
in testing that foil.

e —
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ZZOVL(48) 0 00 12 - 055 50/0.5; R.= 3 10©
012 1 p 4
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Figure 25. Drag coefficient of two laminar-type airfoils
as a function of roughness grain size; (a) DVL (48) with

uniform sand-type roughness at R

, (b) NACA

(38) with sand strip at nose, at Rc = 3 10
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CHAPTER 1l — PRESSURE DRAG

In contradistinction to the skin-friction drag (which
is a tangential force) , pressure drag results from the
distribution of forces normal to the body surface,
This is also true for the induced drag; and every
type of wave resistance (in supersonic flow as well
as at the free surface of water) also acts upon the
obstacle by way of pressure differentials. Only the
viscous pressure drag — that is, pressure drag
caused by _boundary-layer separation — is treated,
however, in this chapter.

1. AT VERY SMALL REYNOLDS NUMBERS

This region of the Reynolds number has been called
that of ““creeping motion”. Certainly, however, low
R’numbers can also be produced by very small
dimensions or in a very thin and /or highly viscous
fluid. Theoretical functions and experimental re-
sults on bodies at small Reynolds numbers are plot-
ted in illustrations later on, together with results
at higher R’'numbers.

Sphere and Disk. In the same manner as the skin-
friction drag (Chapter II), the viscous pressure
drag is proportional to the velocity, and not to the
dynamic pressure — within the range of smallest
Reynolds numbers. Entirely neglecting dynamic
components, Stokes (1) has derived the resistance
of the sphere from the viscous characteristics of the
surrounding fluid; thus in non-dimensional form:

or Cp,=24/Ry (1)

as plotted in figure 10. The drag of a disk (in a
flow normal to its surface, reference 6) , is somewhat
smaller, because the wetted area is smaller than that
of the sphere (considering equal diameter); thus
for the disk:

D/(pdV)=8;

D/(pdV)=3r;

or G, =2037/Ry (2)

as plotted in figure 26. The term D/p dV) is non-
dimensional; the coefficient Cp, is based on frontal
area S, (d? w/4). It can generally be said that

these 51mple functions apply only at Ry below = 1.

Pressure Drag Caused by Friction. Within the con-
sidered range of extremely low Reynolds numbers,
the flow pattern (3) around sphere or disk does
not show any separation. To understand the very
high drag coefficients, it is helpful to think of
heavy oil as flowing medium. The particles closest
to the body cling to its surface. Because of the vis-
cous friction within the oil, the outer sheets are
dragged by the inner ones, in the direction of the
moving body. To maintain this movement of the
particles against the body and in relation to each
other, a positive pressure originates ahead of, and
a negative one behind the body. The corresponding
pressure drag is very much different from that due
to flow separation as described later. Pressure dif-
ferentials in viscous flow are the equivalent of skin
friction; they are a resultant of the tangential shear
forces along the forward and rear surfaces of the
body. In the example of the disk (normal to the
direction of flow), all of the resistance is necessarily
due to pressure. In the case of the sphere, reference
6 indicates that at the very low Reynolds numbers
considered, 1/3 of the drag is due to pressure dif-
ferentials, while 2/3 directly correspond to tangen-
tial friction. Comparing the disk in normal flow to
that in tangential flow (equation 2 in Chapter II),
it is found that the “normal” drag is only one
and a half times that of the “tangential” value.

Stagnation Pressure. Corresponding to the de-
scribed flow mechanism, the pressure at the stag-
nation point is much higher, in the range of low
Reynolds numbers, than the dynamic pressure
q=05q V2. For blunt-nosed bodies, this so-called
Barker effect (4) gives approximately the pressure
ratio

CPstag= Aps{%/(0.5 Q Vz) =1+ (6/Ry) (3)

where Ry is based on diameter or thickness of the
respective body. At Ry = 0.1, for instance, Ap,¢.q
is in the order of 60 times the dynamic pressure.

Floating Dust. Figure 10 also contains some drag
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coefficients determined on tiny air bubbles rising
through some sort of oil. It is surprising that (at
very low Reynolds numbers) such bubbles have
almost the same hydrodynamic properties as solid
bodies. Fog droplets floating in air, may also be ex-
pected to have similar drag coefficients. Average
representative sizes of airborne solids, quoted from
(5), are tabulated on this page. Considering as an
example, a fog droplet with a diameter of 1 mil, at
a sinking speed of 4 ft/min, its Reynolds number
is found to be smaller than 0.1; its drag coefficient
is higher than 100, as seen in figure 10. Employing
Stoke’s function (equation 1), the sinking speed of
the listed particles is found to be

V= /188 @

with Fpart = weight density of the particle. Neg-
lecting the small quantity ¥gie . and assuming
{part to be equal to that of water (= 62 lb/fts) ,
the sinking speed in standard sea-level atmosphere
is approximately given by

V= 4dgy) (E/min)  (5)
This speed is also the minimum velocity of the air

required in upward direction, to keep the fog drop-
lets “permanently” suspended.

TYPE PARTICLES DIAMETER SINKING SPEED
SMOKE PARTICLES 0.1 0.1 inch/hour
ATMOSPHERIC DUST 0.1 0.1 inch/hour
INDUSTRIAL DUST 5 2 inch/ min
FOG DROPLETS 20 2 feet/ min
PLANT POLLEN 30 5 feet/ min
AV. RAIN DROPS 1000 6 feet/ sec
DIAMETER IN MICRONS; 1 MICRON — 1/1000 mm — 1/25,000 INCH

TABLE, listing average sizes and sinking speeds (roughly
picked from reference 5) of smoke-, fog- and other
particles floating in air.

In Two-Dimensional Flow. As pointed out by
Stokes and Lamb (6), analysis of resistance in
two-dimensional viscous flow is possible only if cer-
tain dynamic terms are taken into account. For
symmmetrical elliptical cylinders in such flow, the
drag cofficient on frontal area is

8 /R,

G, =
: [¢/(c+h)] + 1.5 — 2.3 logR

where h = height, ¢ = length of cylinder axis in
direction of flow and =Vob (h + c)/v.For
the circular cylinder, ¢ = hand 0.5 (h + ¢) = d;

therefore:
10.9/Ry4

— )
0.87 —logR

CD.
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(P) STREAMLINE SECTION WITH Cp, IK THE ORDER OF 0.06.

Figure 1. Theoretical and actual flow pattern ot
two-dimensional bodies.

A corresponding curve is plotted in figure 12 to-
gether with experimental results. — For a plate (in
normal flow) the “chord” c is zero. Referring the
Reynolds number to the height h and with log
(0.5 Ry) = logRy — 0.7; the coefficient of the plate
in two-dimensional flow is

10.9/Ry,

G = s ®
0.96 — logRy,

At extremely small Reynolds. numbers, the term
(Cp= Ry) tends to be proportional to (1/logRy).
As can be seen in figures 10,12, 26; these drag co-
efficients are smaller than those of the correspond-
ing three-dimensional bodies. In three dimensions,
a volume of fluid is evidently affected by the viscous
forces which, in relation to the frontal area of the
body, is larger than in two dimensions.
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Intermediate Reynolds Numbers. Above R = 1,
the dynamic forces of the fluid can no longer be
neglected. Already below R = 10, the flow pat-
tern is, therefore, unsymmetrical in fore- and Y
aft direction; a stationary separation prevails be-

+| ~a

hind the body (3), similar to that as shown in
figure 1,b for Ry = 50. Above R = 50 or = 100,
the dynamic forces are predominant over the vis-
cous forces to such an extent as to cause and to
maintain the periodic shedding of vortices behind
blunt bodies (as in figure 1,c) at a non-dimensional
frequency which increases steadily with the Rey-
nolds number. The frequency-indicating “‘Strouhal
number” (see later) then reaches a more or less
constant level in the vicinity of R = 103. Decreas-
ing viscosity and increasing dynamic forces finally
produce a constant flow pattern (above R = 10

to be described in the next section.

2. MECHANISM OF FLOW SEPARATION

Within the range of subsonic speeds, non-viscous
fluid-dynamic theory expects the flow to close-in
behind an obstacle, without any losses. Such flow
pattern is illustrated in figure 1l,a for the circular
cylinder. Positive pressures at the front of the cylin-
der are counterbalanced by positive pressures of
equal magnitude on the rear; the resulting drag is
zero. Real flow patterns are different, however,

(1) Stokes, Trans Cambridge Phil.Soc. 1850 p.8.

7(3) Spheres and cylinders in viscous flow:

a) Vortex System of Sphere, ARC RM 1531 (1932).

b) Flow Past Circular Cylinder, ARC RM 917 (1924).

¢) Moller, Hydrodynamic Experiments on the Sphere,

Physikalische Ztschr. 1938 p.57.

d) Homann, Viscosity in Flow of Cylinder and Sphere,
Forsch’g Ingenieurw'n 1936, 1 and 2; NACA T Memo 1334.

1(4) Barker, Proceedings Roy.Soc.London Vol 101 (1922)

p-435; see also Macmillan, Viscous Effects on Pitot Tubes,
J1Roy.Aeron’l Soc. 1954 p.570.

7 (5) Data by American Air Filter Co. quoted in Woods
“Fan Engineering”, by Woods Colchester (England) 1952.

f1(6) Lamb, Hydrodynamics. A recent treatment of flow
past plates and cylinders in viscous flow is by Tomotika
and Aoi in Quart. J'1 Appl'd Math’s 1950, 1951 and 1953.
f1(7) Prandtl, Fishrer durch Stromungslehre (1941); “Es-
sentials of Fluid Dynamics”, New York City 1952. Bound-
ary-layer theory, “Fluid Motion at Low Viscosity”, Ver-
handlungen Internat’l Math.Congress Heidelberg 1904.
11(8) Pressure Distribution of Circular Cylinders:

a) Fage and Falkner, ARC RM 1369 (1931).

b) Konstantinov, Influence of Reynolds Number on Cavi-
tation Flow, Izvest.Akad.SSSR, Otdelenie Tekhn.Nauk 1946
p-1355; Trans’l TMB 233,

¢) Hoerner, Fieseler Wasserkanal Bericht No, 2 (1939).
d) Ermisch, Abhandl'g Aerody.Inst. TH Aachen No. 6.
e) Flachsbarth, in Handb’k Exp.Ph.Wien-Harms IV,2.

f) Dryden, BOS Journal of Research Rpt. 221 1930.
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AT SUBCRITICAL NUMBERS Ry = (2 20 10)10%:
& EISKER (14), Cp = 1.17
B BRITISH (8,a *=1.20
X RUSSIAN (8,b = 1.25
Q AACHER (8,d) = 1.17

AT SUPERCRITICAL NUMBERS By = (2 10 4)105:

4 EISHER (14), Cp = 0.34
® TURBULER? (3,a)0* = 0.34
+ BUSSIAN Ea,bg = 0.33
¢ HOERNER (8,c = 0.20

Figure 2. Pressure distribution around the circumference
of circular cylinders (tested between walls).

Boundary-Layer Theory. The conception of the
boundary-layer theory by Prandtl in 1904 (7)
opened the way to theoretical and experimental
study of drag and lift. According to this theory,
the viscosity of the air is to be considered only with-
in a limited sheet of fluid adjacent to the body sur-
face. Outside this “boundary layer”, considering
the motion of the air particles against each other,
viscosity does not have any noticeable effect. The
first effect of the boundary layer is to shift the sur-
rounding potential flow somewhat further outward,
corresponding to its displacement thickness (see
in Chapter II). Generally, this effect may be unim-
portant, however, in comparison to the effect which
the potential flow, in turn, exerts upon the bound-
ary layer.

Pressure Distribution. Figure 2 presents the pres-
sure distribution around circular cylinders (in
flow normal to the axis). The pressure decreases
between stagnation “point” (at ¢ =0 ) and maxi-
mum thickness (at ¢ =90°) from Cp = + 1 to

negative values of appreciable magnitude. If at all,
the boundary layer is only favorably affected by the
corresponding negative pressure gradient. Between

= 90° and the “rear stagnation point” (at P
= 180°%), potential theory expects full recovery of
the static pressure to G, = +1. This does not come
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true, however; not only because of the momentum
deficiency of the boundary layer, but above all be-
cause of a basic change of the flow pattern by way
of separation.

Figure 3. Roller-coaster-car analogy of boundary-layer.

Boundary-Layer Mechanism. Prandtl (7) compares
the task of the boundary layer in the described
conditions to that of a mechanical ball. In place
of the ball, we will consider a roller-coaster car
(as found in amusement parks). Such a car may
start rolling at point “A” in figure 3, moving down
the tracks. During this period, potential energy
(corresponding to the elevation of point “A” rela-
tive to “B”) 1is transformed into kinetic energy
(velocity at “B”’) . Ascending the “hill” toward “C”,
kinetic energy is transformed back into potential
energy. The roller-coaster car would regain the same
elevation as it had at “A”, provided that no energy
was lost along the way — because of mechanical fric-
tion and other resistance. Since such losses cannot
be avoided, every hump (“C”) in a roller-coster
system has to be lower than the preceding level
(“A”) . The innermost fluid particles traveling with-
in the boundary layer are in a position similar to
that of the car under consideration. Because of vis-
cous losses along the way from the stagnation point
(“A’” in figure 1,a) along the surface of the cylinder,
passing through the point of maximum velocity (at
“B”), the particles closest to the body’s surface, do
not have sufficient kinetic energy left to overcome
the adverse (positive) pressure gradient along the
rear of the body. The b’layer particles, therefore,
come momentarily to rest after exhausting their
energy, somewhere between “B” and “C”. Figure
4 shows what accordingly happens within the bound-

UNDISTURBED OUTER FLOW

vortex

Figure 4. Velocity distribution and flow pattern of
the boundary layer in a positive (adverse) pressure
gradient, and including separation.
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ary layer. At point “a”, a layer is shown with a cer-
tain thickness and velocity distribution. At “b”, the
distribution is already somewhat deformed because
of the pressure gradient imposed from the outer
flow. At “c”, the sheet closest to the wall, having
the least momentum, is reduced to zero velocity.
Subsequently, at “d” in figure 4, the direction of
the motion is reversed; particles of the boundary
layer are flowing against the direction of the undis-
turbed flow. These particles are accumulated, the
thickness of the boundary layer is accordingly in-
creased and presently the outer flow is separated
from the surface of the body. Hence, a vortex is

TPt

filling the resulting “dead” space, at point “e”.
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Figure 5. Laminar separation points on several two-
dimensional elliptical and Joukowsky shapes, determined
by theoretical analysis (9) of the boundary layer flow.

Point of Separation. For laminar boundary-
layer flow, the point of separation is a function
of body shape only; and it can be found by theoreti-
cal analysis (9). As examples, several symmetrical
section shapes are shown in figure 5, having theoreti-
cal separation points as marked. However, after
separation has taken place, the pressure distribution
is, of course, different from the non-viscous distri-
bution assumed as basis in the analysis. Actually,
separation therefore starts somewhat ahead of the
theoretical points. The circular cylinder, for exam-
ple, has separation from points approximately 10°
ahead of the maximum thickness (as shown in fig-
ure 1,b and as indicated by the pressure distribution
in figure 2, for subcritical Reynolds numbers),
while theory predicts separation points 20° aft of
the maximum-thickness location. — For turbulent
boundary-layer flow, separation cannot be predicted
by available theoretical methods.

Drag Due to Separation. Figure 2 shows
(among others) that the pressure at the rear side of
the cylinders tested, is very much lower than pre-
dicted for non-viscous flow conditions. The result-
ant differential between positive pressures on the
forward side and negative pressures at the rear side
of the cylinder, represents the pressure drag. In
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blunt or bluff and fat shapes, this type of drag is
usually many times as high as the skin-friction drag.
For example, for the circular cylinder a frictional
drag coefficient (corresponding to wetted area and
taking into account an average supervelocity past
the sides) can roughly be assumed in the order of
Cpee = 0.01. The tested coefficients Cpq = 0.3
or 0.4 at supercritical R’numbers, and Cp, = 1.2
at subcritical numbers, are thus between 30 and
120 times as high as the component that is directly
due to tangential shear forces along the surface.
Since in this example, viscosity (in the order of
0.01) is the cause of separation and pressure drag
(in the order of 0.3, 0.4 or 1.2) — skin friction is
realized to be a “trigger” that (in certain combina-
tions of shape and attitude) can set in motion pow-
erful mechanisms of drag.

3. VORTEX SYSTEMS

Upon towing a body through resting air, a more or
less regular motion of the fluid particles is left in
the “wake” of the obstacle. That is to say, as equiva-
lent of the energy spent in moving the body against
the originating drag, momentum is transferred to
the fluid.

Vortex Types. In case of laminar friction, a
certain volume of fluid particles is accelerated so
that it follows the moving body. In a turbulent wake,
this type of momentum transfer is combined with
a component involved in the manifold motions of
the fluid particles against each other. Such motions
and other more orderly vortex formations are as
follows:

1(9) Analysis of boundary-layer separation:

a) Bussmann and Ulrich, Yearb’k D.Lufo 1943; see also
in reference (10).

b) Howarth, elliptical section with ¢/t = 6, also as a func-
tion of lift coefficient, Proc. R’l Soc. A 1935 p- 558.

¢) Schubauer and Klebanoff, Separation of Turbulent
Boundary Layer, NACA Tech Rpt 1030 (1951).

1(10) Schlichting, Grenzschichttheorie (1951); or “Bound-
ary Layer Theory”, McGray-Hill 1955,

T (11) Investigation of double-row vortex streets:

a) Strouhal, Widemann’s Annalen der Physik 1878 p. 216.
b) Benard, Comptes Rendus 1908, 1913, 1925, 1926, 1928.
¢) VonKarman and Rubach, Mechanism of Drag, Physi-
kalische Zeitschrift 1912 p. 49.

d) The theoretical height ratio of the street (11,c) is y/x
= 0.283. Vortex arrangements corresponding to this ratio
are found at some small distance behind the street-produc-
ing bodies. As reported in various places, the height “y”
increases, however, considerably further downstream, while
the separation “x” essentially remains constant. This dimen-
sion is, therefore considered to be a better reference length
than the height, in statistical analyses.
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(a) Turbulence, equal to vortex formation without
much of a regular pattern, originates intensively
within every turbulent boundary layer and as a part
of more regular systems behind many obstacles.
(b) Stationery vortices are formed in holes and
gaps. More or less restricted to their place, they con-
sume but little momentum furnished by the passing
outer flow.

(c) A pair of ‘‘induced” vortices originates behind
wings, as illustrated in Chapter VII. Such vortices
can also be observed behind many ‘“‘non-lifting”
bodies as for instance behind fuselages or in the
wake of automobiles.

(d) The vortex street to be discussed later on.

Vortex System Behind the Sphere. A vortex
system originates behind spheres, first in a station-
ary form similar to that in figure 1,b — possibly
beginning at Ry == 10. This system develops into
an unstable condition as the Reynolds number is
increased. Vortex packages are then carried away by
the outer flow, in more or less irregular fashion.
The line of separation on the surface of the sphere
moves back and forth accordingly; and transversal
forces appear in the sphere changing direction in
time with the separation of the packages. As irregu-
lar and unstable as this mechanism may be, a pre-
dominant frequency has been found (3, a and c)
in the order of f = 2 V/d — approximately constant
in the R’number range between 10% and 10°.

Figure 6. Theoretical pattern of the vortex street (7),
seen from a system fixed to the cores. The body producing
the street is moving away from it at (V — w).

Vortex Street. A conspicuous type of vortex
pattern is found in the wake of two-dimensional
bodies, such as cylinders, plates or bluff rods. This
comparatively stable system is called “double-row
vortex trail” or ‘vortex street” (11,c). The two
sides of the body alternate periodically in releasing
a straight vortex. The “street” moves accordingly
up and down and the flow pattern as illustrated in
figures 1,c and 6, comes into existence. The oscilla-
tions are the physical source of the tones in an
“Aeolian Harp ” produced by wind (Aeolus was
the Greek God of the wind) . Similar tones can also
be heard in_telephone poles. — The whole system

of the vortex street moves in the same direction as



the body, with the velocity w measured against the
resting fluid. Based upon the length “x” of the
street (11,d), the drag coefficient is

C,, =D/ (@bx)=16 (w/V)—06kw/Vf  (10)

D

Unfortunately neither the velocity w nor the dimen-
sion x can be predicted by theory. Tests on circular
cylinders (14), at Reynolds numbers below the
critical, indicate w/V = 1/6 and x/d = 4.5 The
drag coefficient, calculated as Cpy, = 4.5 times Cpx
(as per equation 10) agrees with the tested value (in
the order of 1.15). Theory_has thus demonstrated
that the equivalent of the drag of bluff bodies such
as the cylinder can entirely be contained in the vor-
tex system. It is emphasized that the vortex street
is 2 mechanism which leads to realistic drag coeffi-
cients, without introducing any quantitative viscos-
ity values. An assumptior} must be made, however,
concerning existence and dimensional characteris-
tics of the vortex trail.

KABMAN (11,c¢) CYLINDER AND PLATE
GALCIT 125 CYLINDER AND PLATE
NACA (12) - VARIOUS SHAPES
VARIOUS FRENCH SHAPES (13,b) WITH
ESTIMATED DRAG COEPFICIENTS
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Figure 7. Strouhal number and drag coeflicient of various

shapes in essentially two-dimensional flow, at Reynolds
numbers > 102,

Vortex Frequency. The number of vortices formed
at one side of the “street” in the unit of time, is
f =

(V—w)/x (11)

In non-dimensional form, this frequency 1is pre-
sented by the so-called Strouhal number (11,2):
“§"= fh/V (12)
where h = height or thickness of the body produc-
ing the street. Available experimental results of
essentially two-dimensional bodies (cylinders of
various shapes as presented in references 12 and 13)
are plotted in figure 7. For the range of Reynolds
numbers under consideration (10¥ to 10”), Strou-
hal number and drag coefficient seem to be coupled
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with each other in a consistent manner. For the cir-
cular cylinder (with Cp, = 1.17), for example, the
dimensionless frequency is in the order of 0.19. The
two-dimensional plate (with Cp, = 1.98) has “S”
= 0.13. Tests with plates and stalled airfoils (at
o = 90°) of limited span (13,a) show “S” again
to be roughly in the order of 0.2. This value corre-
lates quite well with the reduced drag coefficient of
such obstacles (in the order of 1.1). The empirical
function in figure 7 can be expressed by
3

“§ = 021/Cht  (19)
Because of high viscosity, the vortex frequencies are
lower, however, than indicated by this function, at
Reynolds numbers below 10~

General Street Characteristics. As pointed out
in (12,a), characteristics of vortex streets are theo-
retically independent of the bodies producing them.
Analysis leads to believe that (above R = 10%) the
term S = (f x/U) is a universal constant, with

(14)

indicating the velocity past the wake of the body.
As a likely value of the constant, this author suggests

(15)

U=V + AV:V'\/I—CP

fx/U = 056
Combining this value with equations 12 and 14, the
longitudinal dimension of the vortex street is found
to be

x/h = (“8.'/“8") (U/V)=056 VI-C, /*S

Solving now equation 11 for w/V, the velocity ratio
of the street is found to be

w/V=1— (x/h)"s"=1-056 VI-C, (17)

Equation 10 can then be used to determine the drag
coefficient Cp, = (x/h) Cpx of vortex-street-pro-
ducing bodies, provided that “S” and Cp are known
(tested) . The procedure does not lead to reliable
results, however, since w/V is a small differential.
It appears that some simpler solution has still to
be found. For the time being, the statistical results
(particularly in figure 7) are recommended for
practical application.

Splitter Plate. By placing a “splitter” plate on
the center line of the vortex street, its motions
can be considerably affected (12). The Strouhal
number is reduced to the order of half the usual .
value; and the drag coefficient is decreased appre-
ciably. In extreme conditions, a flow pattern may
result similar to that in figure 1 (b and d), with a
frequency reduced to zero. Some more experimen-
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Figure 8. Influence of “splitter” plates (and similar de-
vices) on the drag coefficient of vortex-street-producing
shapes (tested between walls). The values in brackets are
the drag coefficients without wake interference. The Rey-
nolds numbers (ond orh) are between 10*and 10°,

tal results regarding the influence of plates and
other obstructions interfering with the motion of
the vortex street, are presented in figure 8. It should
be noted that the drag coeflicients obtained in such
configurations do no longer follow the function as
indicated in figure 7. With respect to the arrange-
ments “d” and “‘g” in figure 8, we suggest that the
reduction of the drag coefhicient is not a matter of
“streamlining”. The wedges attached to the rear
of cylinder and plate, respectively, simply reduce
the motion of the vortex street.

0 30 \\‘:4\60 % Ii%’ s ¢ 180
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o AVA (16,h) AT Ry = 1.7 10%; Cp = 0.45
o DITTO, BUT AT Ry = 4.6 10°; ¢ = 0.09
4 ARC (16,g) AT Ry = 1.6 10%; Cp = 0.47
A DITTO, BUT AT By = 4.2 10°; Cp, = 0.14

Figure 9. Pressure distribution around the sphere.

4. CRITICAL REYNOLDS NUMBER

There are several different types of “critical” R’
numbers in fluid dynamics; so for example the one
indicating termination of low drag in laminar-type
foil sections (Chapter VI), or the one indicating
the permissible size of surface roughness (in Chap-
ter V). Termination of laminar separation is the
definition of critical Reynolds number as discussed
in this section here.

Characteristics of Spheres are extensively reported
in (16). As illustrated in figure 10, the sphere has
a fairly constant drag coefficient (in the order of
Cpe. = 0.47), within the R’number range between
10]2 and 10°. In the neighborhood of Ry = 4 10°
or below this number, the coefficient decreases rap-
idly, however, to a level in the order of 0.1, which
is almost 1/5 of that at Reynolds numbers below
the critical. This phenomenon, first recognized by
Eiffel and Prandt]l, can be explained on the basis
of boundary-layer theory, in the following manner.

Laminar Separation. As indicated in the pres-
sure distribution (figure 9) for subcritical Rey-
nolds number, the flow past the sphere separates
shortly behind the point of minimum pressure.
Figure 1,b shows the corresponding flow pattern ot
the circular cylinder (at low R’number).

Turbulent B’Layer. Within every turbulent
boundary layer, an exchange of mass and momen-
tum takes place between each sheet of the layer and
the adjoining ones. This exchange thus represents
a continuous momentum transport from the outer
flow toward the surface of the body. The resultant
losses are higher than in a laminar layer. However,
near the surface of the body, the turbulent b’layer
carries much more momentum than the laminar
layer (as can be seen in Chapter II). Approaching
the critical Reynolds number, the b’layer begins
to turn turbulent around the equator of the sphere.
The sheets nearest to the surface are accordingly
boosted in velocity and momentum; and they are
therefore better enabled to flow against the positive
pressure opposed to their movement along the rear
of the body. Subsequently the flow attaches itself

7(12) Roshko (Caltech), analytical and experimental
studies on drag and flow of two-dimensional bodies:

a) NACA T.Notes 2913 and 3169 (1953 and 54).

b) Turbulent Wakes, NACA Tech Rpt 1191 (1954).

¢) Bluff Bodies, Journal Aeron’l Sci. 1955 p.124.

7 (13) Experimental vortex frequencies:

a) Blenk-Fuchs-Liebers, Lufo 1935 p. 38.

b) Publ.Sci.Techn.Ministere de I'Air No. 127 (1938).
¢) Nokkentved, Structural Shapes, Bygningsstatisky
Meddelelser Vol XII No. 3 (Danish, 1941).
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to the surface as far as to = 150 or 160°. The
drag decreases correspondingly (see in figure 11) to
a supercrmcal coefficient in the order of 0.1 (around
Ry = 10° ). Figure 9 shows that the supercritical
pressure distribution is relatively close to that as
predicted by potential theory.
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Figure 11. Presentation of typical experimental results
on the drag coefficient of the sphere in the critical
range of Reynolds number.

Surface-Roughness Effect. There are hundreds
of experimental results available on spheres in the
critical R'number range. A small selection taken
from (16) is plotted in figure 11. Surface rough-
ness affects the critical Reynolds number appreciably.
A plot of R4crit'L of the sphere (arbitrarily defined
for Cpe = 0.3) against the relative roughness-grain
size k/d is presented in Chapter II. To make such
sphere results compatible with the results on plane
walls (which are also plotted in that graph), the

critical number is based on the radius r (rather
than the diameter d). The influence of roughness
is also demonstrated in figure 14 presenting the
drag coefficient of circular cylinders having various
degrees of surface roughness The supercritical level
of the coefficient rises appreciably as a function of
the roughness parameter k/d, while the critical
R’'number (defined by Cp, half way between sub-
critical and supercritical level) decreases.

Stream Turbulence. An interesting and famous
effect on the critical Reynolds number of round
bodies is that of turbulent fluctuations in the wind-
tunnel stream. As shown in figure 11 and as plotted
in Chapter II, the critical Reynolds number de-
creases steadily as a function of the turbulent root-
mean-square amplitude ratio (W/V) contained in
the fluid stream. As example of an extremely low
number, Ry it = 1.5 10° is reported from NACA’s
Variable-Density Tunnel, in its early status (16,¢).

Carefully designed tunnels show, on the other hand,
values around R Jcip = 3.9 10%; and values in the
order of 4 10° were found in undisturbed resting
air (16, d and i). The critical sphere numbers are
thus suitable to indicate qualitatively the amount
of boundary-layer-affecting turbulence present in a
fluid stream. — Also the stiffness of the suspension
of a sphere in the wind tunnel and mechanical vibra-
tions (16,f), and even sound waves (16,1) have an
effect upon critical Reynolds number and resistance
of round bodies.

Circular Cylinder. The above-described boundary
layer characteristics are identically or similarly
found in circular cylinders exposed to a flow nor-
mal to their axis. Figure 2 presents the pressure dis-
tribution around the cylinder; figure 12 shows the
function of the drag coefficient against Reynolds
number. In the vicinity of Rg = 3 or 4 times 10°,

the coefficient drops from = 1.18 (in two- dlmen-
sional flow) to approximately 0.3. — Figure 13 pre-
sents the drag coefficients of other, more or less
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Figure 12. Drag coefficient of the circular cylinder in a

(000 flow normal to the axis (between walls), as a function of

N E(7) Reynolds number. The function below R = 1, corresponds
Ci). \‘\ to equation 6.
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between walls). The critical number is a function
of the boundary-layer history as it develops between
stagnation point and the location of maximum thick-
ness (or minimum pressure).

- 1 (14) Eisner, Cylinders in Water, Mitt.Pr.Versuchsanstalt
Wasserbau Schiffbau Berlin, Heft 4 (1929).

1 (15) Drag characteristics of spheres in viscous flow:

a) Arnold, Air Bubbles, Philosoph’l Mag. 1911 p.755.

b) Schiller, Drop Tests With Spheres and Disks, Hand-
buch Exp.Physik Wien-Harms Vol 1V,2; also in Ztschrt
Flugtech. Motorluftsch.1928 p.497.

¢) Lunnon, Roy.Society A 118 (1928) p.680.

7 (16) Drag Characteristics of Spheres With and Without
Turbulence:

a) Eiffel, in “Nouvelles Recherches Résistance de T'Air”,
Paris 1914 and 1920.

b) Ergebnisse AVA Géttingen Vol II (1923) and Vol IV
(1932) ; also ZFM 1914 p.140.

¢) Millikan and Klein Aircraft Engineering 1933 p.169.

d) NACA Tech Reports 185, 253, 342, 558 and 581.

e) Jacobs, In Variable-Density Tunnel, NACA T Note 312.

fy Wiselius, Netherl.Aeron.Inst. Rpt A.950 (1947).

g) British ARC, Spheres, RM 1725 and 1766 (1936).

h) Flachsbarth, Spheres, Physik.Ztschr.1927 p.461.

i) Hoerner, Influence of Reynolds number Turbulence
Surface Roughness on Spheres, Lufo 1935 p.42; Trans'l
NACA T Memo 777.

k) Robinson, High-Speed, J'1 Aeron’l Sci. 1987 p.199.

Iy NACA, Journal Aeron’l Sciences 1937 p.199.

1(17) Drag of Circular Cylinders in Viscous Flow:

a) Finn, Journal Applied Physics 1953, p.771.

b) White, Wires, Proceedings Royal Society London 1946.
c) Relf, Resistance of Wires, ARC RM 102 (1914).

1 (18) Hydrodynamic Characteristics of Circular Cylinders:
a) Wieselsberger, Ergebnisse AVA Géttingen 11 (1923) .

b) Pechstein, In Natural Wind, VDI Zeitschr. 1942 p.22.

c) Schiller and Linke, NACA Tech Memo 715.

d) Welsh, Flight Tests on Cylinders, NACA T Note 2941.
11 (19) Special tests on circular cylinders:

a) Fage and Warsap, Effects of Turbulence and Surface
Roughness on Drag of Circular Cylinders, ARC RM 1283
(1929) . The grain sizes were measured by the author from
samples of the Nat.Phys.Lab.Teddington.

b) Circular Cylinders With “Thwaites Flap”, ARC RM’s
2611, 2787 and 2829.

Origin and characteristics of viscous pressure drag
have frequently been investigated, using sphere or
circular cylinder as examples. The reason is that
with these “simple” bodies, basic characteristics of
pressure drag have first been determined — such as
the triggering effect of the boundary layer, the phe-
nomenon of flow separation, the critical Reynolds
number of round bodies, and the influence of wind-
tunnel turbulence.
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Figure 13. Drag coefficients of several cylinder shapes

(tested between walls) in the critical Reynolds-
number range; GALCIT (12).

The Separation Point in turbulent boundary
layer cannot really be predicted by theory. There
is some statistical information available, however.
It seems that separation takes place when and if
the form parameter of the boundary layer “H”
/& reaches a certain critical order of magni-
tude. In the flow along a plane constant-pressure
surface, this ratio is H = 1 4+ (2/n) as can be de-
rived from the b’layer functions in Chapter II. For
n = 7, for example, H = 1.29 on a plane wall. Ref-
erence (9,c) reports H = 2.7 at the point of sepa-
ration on some streamline shape. Velocity distribu-
tion and shape parameter are functions of pressure
distribution along the body under consideration.




FLUID-DYNAMIC DRAG

L5
G.
—_— —_—y
lo i ’;.,. V\_li :n\ ey
" L7 Ao’\.‘_l\’é"’:‘iﬁ\:’,’/: o = /A—A—-A %h0°
7
6 \i/- ,-’"
5 (e
' B
* b vd
Ry = /v

3

[0"’ . t ' ' 1 | |o5 ] ' ' ] 1 |06

Figure 14. Drag coefficient of cylinders (19,a) having various degrees of surface

roughness (sand-grain size “k” as against diameter “d”).

Rear-Side Pressure. Flow pattern and pressure
in the “dead” space (wake) behind a blunt body
cannot really be predicted. Statistical evidence
is as follows. At Reynolds numbers above the criti-
cal, the pressure distribution around the sphere
shows a positive value in the vicinity of ¢ = 180°.
Figure 15 shows correlation between this pressure
and the drag coefficient. By a single pressure meas-
urement on the rear side of the sphere, its drag can
thus be estimated. This method (16, d and i) is
sometimes used, instead of weighing the drag, to
determine the critical R’number of a test sphere in
the flow of wind tunnels. Figure 16 presents corre-
sponding results for the circular cylinder. Between
Cp. = 0.6 and 0.3, there is evidently a discontinu-
ity in the experimental function. It is suspected that
a change in the pattern of the vortex street may be
responsible for this result. In other words, the street
may develop only weakly, or may not develop at all
under conditions of attached flow (as illustrated in
figure l,e), so that the drag coefficient is smaller
than it would be with freely developed vortex trail.
For example, drag coefficients are presented in (8,
b) which are sometimes on the upper and other
times on the lower branch of the function in figure
16 — at overlapping values of the pressure coefficient.

Other Cylindrical Shapes. As seen in figure 13, cylin-
drical bodies reach a minimum drag coefficient
shortly above the critical Reynolds number. As
mentioned in connection with ﬁgure 16, there is
probably reduced vortex activity in this phase. Tests
of all these shapes have not been extended very far
into the range of higher Reynolds numbers. One
general prediction can be made, however. Resist-
ance is evidently a function of the momentum losses
which the boundary layer encounters along the way
from the stagnation point to the rear of the body.
The pressure drag is, in other words, related to the
skin-friction drag. The observed 1ncrease of cylin-
der-drag coefficients above R4 = 10%, corresponds
to the increase of the frictional coefﬁaent along one
of the transition lines shown between R = 10° and
10° in Chapter I1. At still higher R’'numbers (above
Ry = 107 ), another decrease of the drag coefficient
can be predicted for the round bodies under con-
sideration. This decrease corresponds to the declin-
ing course of the skin-friction coefficient in this
range of the Reynolds number. It must be under-
stood, however, that compressibility and /or rough-
ness effects may be involved in practical applica-
tions where such high Reynolds numbers are ob-
tained.
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Figure 15. Correlation between drag and rear-side pres-
sure of the sphere; reference (16).

Figure 16. Correlation between drag and rearside pres-
sure of circular cylinders (8), between walls.
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Figure 17. Drag coefficients of elliptical sections, (a) at

subcritical R’numbers, (b) above the critical R’number.

Elliptical Sections are represented in figure 17.
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Figure 18. Drag (and lift) coefficients (on area “d” times
axial length “1”) of circular cylinders, wires and cables;
inclined against the direction of flow — at Reynolds num-
bers below the critical. Reference (2I).

Cross-Flow Principle. A principle with quite a

Equations have been developed similar to those
in the “streamline” chapter — giving a suitable
interpolation of the tested drag coefficients. At
subcritical R’'numbers,

Cp,= 2Cg (1+c/t)+ 11 (/)  (20)

Above the critical R'number range, the coefficient
is approximately

Gy, = Ge, (442 (/0 +120 (F)  (21)

Optimum chord /thickness ratios (giving minimum
Cp,) are in the order of 9 below, and of 5 above
the critical variation of the drag coefficient as against
R'number.

7(20) Experimental results on elliptical cylinders:
a) Eiffel in Nouvelles Recherches, Paris 1919.
b) AVA Struts, Tech Berichte I (1917) and II (1918).

¢) NACA Tech Note 279 (1928) and Tech Rpt 289.

d) Jacobs, Streamline Wires, NACA T.Note 480.

e) Lindsey, Simple-Shape Cylinders, NACA T.Rpt 619.
f) British ARC, RM 1599 (1934) and RM 1817 (1937).
1(21) Circular cylinders inclined against flow:

a) Relf and Powell, Tests of Smooth and Stranded Inclined
Wires, ARC RM 307 (1917).

b) Mustert, Lift and Drag, German Doct ZWB FB 1690.
c) Kazakevich, Zh.Tekh.Fiz. 1951 p.1111; also Kuznetov,
CAHI (Moscow) Rpt 98 (1931).

d) Thews-Landweber-Plum, Towing Cables, TMB Rpts
418 (1936) and 666 (1948).

€) Bursnall and Loftin, Pressure Distribution on Yawed
Circular Cylinder in the Critical Reynolds Number Range,
NACA T.Note 2463 (1951).

number of practical applications (see Index) is very
well illustrated by the inclined circular cylinder in
figure 18. At an angle of attack “oX’; flow pattern
and fluid-dynamic pressure forces of such bodies
only correspond to the velocity component (and the
dynamic pressure) in the direction normal to their
axis. Therefore (based on area Sq = dl, where 1 =
length along axis) :

Gy =N/aSq = Gy o;o(sink or cos*A) (22)
This force is then split up in the directions of drag
and lift; hence:

C =C (sinao( or coss)\)

Dn Dbasic

CLn =G

(23)

Dbasic (sineo( cos X) or (sinA cos? A)
Experimental results in figure 18 on wires, cables
and circular cylinders (at subcritical Reynolds num-
bers) confirm the prediction very well, after adding
the frictional component ACp = T C,.

At Supercritical Reynolds Numbers (that is,
with essentially attached flow pattern), cross-flow
conditions are different from those at subcritical
Reynolds numbers. The pressure drag evidently de-
pends on the skin-frictional losses along the surface,
in which the axial velocity component takes part.
A rough rule seems to be that between 0 and 50°
angle of sweep or yaw “ A”, the drag of a smooth
cylinder in supercritical condition, is approximately
constant, corresponding to a drag coefficient Cpq

on “d” times (b or 1) in the order of 0.2. Reference
(21,e) also indicates that the critical speed of a

(a)
(b)
(e)
(b)
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cylinder (at which the flow attaches to the rear
side) decreases as the angle of yaw ** A" is increased;
for example from Ry = 3.6 10” for normal flow to
2.010° (still based on total speed “V”) at A = 60 .
In conclusion, the cross-flow principle cannot be
applied to elements with attached flow pattern (as
far as incompressible drag is concerned) .
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Figure 19. Drag coefficients of ellipsoidal bodies (22); (a)
at a subcritical Reynolds number Ry = 7 10"'; and (b)
above transition, at R’numbers approaching 107).

Simple Ellipsoidal Bodies are represented in figure
19. The pressure drag caused by laminar separation
(at subcritical Reynolds number) can be approxi-
mated by a component proportional to the thickness
ratio (d/1). Applying the functions as given in the
“streamline” chapter, the total drag coefficient in
this condition can be approximated by

Gy, =044 (/M) + 4 G,V ) +4Co@R)°  (25)

Figure 19 also presents the minimum drag coeffi-
cients obtained shortly above the critical transition
(see for illustration figures 10 and 11). It appears
that equation 3| of the “streamline” chapter can be
applied to give an approximate interpolation, using
a friction-drag coefhicient C’F = 0.004.

Half Bodies. A theoretical “half body” extends
to infinity in one direction. Theory (23) predicts
that such bodies, with a properly streamlined shape
facing the fluid flow, do not have any drag. Positive
as well as negative pressure differentials press upon
the frontal area so that the resultant force is zero.
To understand this result, the reader is invited to
investigate the pressure distribution of the sphere
— which gives a related result. Integrating the theo-
retical pressure distribution in figure 9 across the
frontal area, it is found that the suction forces pre-
dominate so that the forebody drag coefficient is
negative (G, = — 0.125). The phenomenon of
zero or negative forebody drag is also found to some
extent in real and viscous fluid flow. Figure 20
gives pressure drag coefficients evaluated from tests
(25) on a series of rotationally symmetric body
“noses”. The first three shapes have a forebody drag

FLUID-DYNAMIC DRAG
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Figure 20. Coeflicients indicating the forebody-
pressure drag of a series of cylindrical bodies,
evaluated from pressure distribution (25,€) .

coefficient close to zero. As flow separation starts and
grows in the less streamlined and bluffer shapes, the
drag coeflicient grows rapidly, however.

% disk, figure 26
2 © Eiffel (40,d)
G 2N A cylinder — (25,a)
Do & hemisphere (40,c)
Lo © NACA — (25,d)
A= X Dornier — (25,¢)
[ ] — ® body (25,b)
LG, = 065 T
0.6 blunt nose i

Figure 21. Drag coefficients of cylindrical bodies in axial
flow, with blunt shape (in the upper part) and with
rounded or streamlined head forms (lower part)—as a
function of the fineness ratio 1/d.

Puarallel-Sided Shapes. Plotted in figure 21 are
the drag coeflicients of a number of cylindrical bod-
ies in axial flow. Figure 22 shows corresponding re-
sults in two-dimensional flow. The drag of these
shapes essentially consists of that of the forebody and
the base drag originating at the blunt rear end. At
zero length ratio, the coefficients of disk and plate
are plotted, respectively. Two branches are seen in
each graph, one for blunt head form or leading edge,
respectively; and the other one representing the ex-
perimental results of rounded or streamline shapes.
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Figure 22. Drag coefficient of “rectangular” sections (tested
between walls) with blunt leading edge (upper part) and
with rounded shape (lower part), against length ratio.
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It is seen that with the blunt forms too, the drag
reduces appreciably upon reaching a certain mini-
mum length ratio, which is in the order of 1/d =1
and c/t = 2.5, respectively. The separated flow re-
attaches in these cases at some distance aft of the
blunt face. With well-rounded noses, the drag re-
duces quickly to comparatively low values. Some
estimated functions are also plotted in the two
graphs, indicating the drag contributions due to skin
friction and base pressure.

Rounding Radius. “‘Streamlining” is a continu-
ous variation of shape including (among others)
the trend of keeping velocity- and pressure-distribu-
tion uniform and smooth. Rounding-off edges in
blunt shapes, is a less perfect method of reducing
drag. Figure 23 shows nevertheless, what can be
accomplished in this manner in two-dimensional as
well as in three-dimensional bodies. Above a cer-
tain, comparatively small ratio r/h or r/d, respec-
tively, separation from the forward edges reduces
progressively. The drag coeflicient drops accordingly,
between 50 and more than 909, depending of
course upon the shape of the afterbody. The critical

11 (22) Drag Coefficients of Ellipsoidal Bodies:

a) Riabouchinsky, Spheres and Ellipsoids, NACA Tech
Note 44 (1921) ; not plotted in figure 19.

b) Ergebnisse AVA Gattingen Volume II (1923).

11 (23) Theoretical considerations on streamlining:

a) Zahm, Simple Quadrics, NACA T. Rpt 253, 1927.

b) Smith, Strut Forms, NACA T. Rpt 335, 1929.

1(25) Tests on cylindrical shapes in axial flow:

a) Naumann, Cylinders, ZWB Tech Berichte 1943 p.278.
b) Schirmer, Airship Shapes, ZWB Report FB 1647.

¢) Half Bodies on Fuselage, Dornier Report (1937).

d) Goodwin, Fuselage Nose Section, NACA RM L9J13.

e) Rouse and McNown, Cavitation Pressure Distribution
of Head Forms, Iowa University Engg Bull.82 (1948).
{1(26) Dornier, Bluff Sections, reported in (41,g).

7(27) Delany and Sorensen, Low-Speed Drag of Cylinders
of Various Shapes, NACA T.Note 3038 (1953).
1(28) Influence of rounding radius on drag:

a) Pawlowski, Wind Resistance of Automobiles
Body) SAE Journal 1930, July p.5.

b) Russian Report on Drag of Fuselage, CAHI Rpt N.519.
¢) Goethert, Drag Tests on Various Bodies and on Spheres
at High Speeds, ZWB Tech Berichte 1944 p.94 and 3877.
d) Robinson and Delano, Drag of Windshields (Canopies)
in Wind Tunnel, NACA Tech Rpt 730 (1942).

1 (80) Drag characteristics of rotating bodies:

a) Wieselsberger, Physikal.Zeitschr. 1927 p.84.

b) Luthander and Rydberg, Rotating Sphere, Physikalische
Zeitschrift 1935 p.552.

) Sann, Drag- and Pressure Measurements on Rotating
Projectiles ZWB Rpt FB 1048 (1939).

(Basic
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{a) 2-DIM'L SHAPES AT R=10°:
O SQUARE SECTION _ (27)
Al ‘N (27)

C'N
© Y STREAMLINE BODY (61,6}

(b) 3-DIM'L SHAPES AT R = 10%:
o PARALLELEPIPEDON (28,0}
X CAHI FUSELAGE 128b)
© STREAMLINEBODY  (28,c)
a AIRCRAFT CANOPY  (28/0)

Influence of a rounding radius upon the

Figure 23.
drag coefficient of various “blunt” bodies (28).

radius ratio (effecting the change in flow pattern)
is to some degree a function of Reynolds number;
the ratio reduces slowly as the R’number is in-
creased. As a suitable radius ratio, r/h = 0.2 can be
recommended for two-dimensional conditions; while
r/d = 0.1 seems to be adequate for three-dimen-
sional bodies.

X DISK {b)
O CYLINDER (b)
A PROJECTILE (b)
O SPHERE (a)
L2 j Cn. ® PROJECTILE (c)
X ) ' DISK e DITTO, BASE DRAG
l.o hal
.
0.8 2—o—0o—o— “l=3 ds
o -—-v Ry=2 10

SPHERE -
| S

0.2 {:.‘:L%/‘:.‘—’ "Tt) \"

0

Figure 24. Drag coefficient of rotating bodies (30) as a
function of the circumferential velocity ratio,

Rotating Bodies. There are a few experimental
results available, indicating the drag of simple
bodies as a function of their speed of rotation around
an axis that is parallel to the direction of the fluid
flow through which they move. The influence of
rotation seems to be fourfold. First, the boundary
layer is thickened because of the added speed com-
ponent u = (circumferential velocity) = d q n,
with n = number of revolutions per time unit. In
streamline forebodies, this effect causes additional
drag (see the projectile in figure 24). Second, the
thickened boundary layer is likely to cause separa-
tion and additional form drag in the afterbody (see
the sphere in supercritical condition at “f”). Third,
on account of centrifugal forces in the rotating
boundary layer, separation from the base appears to
be increased (see the blunt cylinder in the graph).
Fourth, the added velocity component affects the
stability of the boundary layer, thus reducing the
critical Reynolds number of sensitive bodies such
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as the sphere. In this respect is tentatively:
V2 1

R -
crit — —
R it \/V2 + (k‘uiz \/r+ (k'u/V)2

where k < 1 represents a suitable integration con-
stant. This effect is demonstrated in figure 24 at (t) ;
the critical Reynolds number of the sphere as tested
is shifted from Rgeypit = 2.9 10° (without rota-
tion) to 2 10° as shown in the graph at u/V = 1.8;
hence k = 0.6. The sphere also exhibits the centri-
fugal effect at “c”. Note that the low sphere value
Cpe = 0.38 in subcritical condition (instead of ~
0.47) is caused by type and size of the support in
these tests by means of a rotating shaft.

The Human Body is similar in aerodynamic shape
to a cylinder with a length ratio h/“d” between 4
and 7. Since human beings vary very much in size
and proportions, selection of a reference area is diffi-
cult. Figure 25, therefore, presents the drag of an
average man in the form of drag area D/q. The
drag is predominantly a function of the projected
frontal area in the various positions tested. Based
on estimated areas, drag coefficients can be deter-
mined for the standing positions between Cp, =
1.0 and 1.3. Without clothing, the drag is between
5 and 109, less than listed.

How Fast a Man Falls. After bailing out of an air-
plane, and before releasing the parachute, the body
of a man accelerates to a terminal velocity the mag-
nitude of which can be derived from W = D =
q(D/q) . Near sea level (where ¢ = 0.0024 1b sec®/
ft‘*), the falling speed of a man with W = 180 lb,
is accordingly Vi /.= 400 V (D/q) - Employing the
drag areas as listed in figure 25 (between 1.2 and 9.0
ft2), speeds between 130 and 370 ft/sec are thus
obtained. Terminal velocities are reported (32,c)
between 150 and 180 ft/sec “near sea level”’; with-
out specification as to position and attitude dur-
ing free fall. Another source (32,€) gives a drag
area of 5 2 for a “rolling and somersaulting” man.
To give a certain scale to all these numbers, it is
mentioned that the drag area of a typical fighter
airplane is in the order of 6 fi?
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The Drag of Ski-Runners has been tested in wind
tunnels. In upright position (going down a slope)
a drag area D/q = 5.5 ft®> is found (32.a) in a
smooth wooden model. A similar value (= 6.5 ft*)
can be derived from (32,b) on the basis of an esti-
mated frontal area in the order of 7 ft%. Both sources
also give results on drag and lift of a ski-jumping
man. In the typical “flying” position, with the body
leaning forward against and onto the air, the lift
area (including the contribution of the skis) is in
the order of L/q = 2.5 f@; the maximum lift /drag
ratio is in the order of “1”.

6. DRAG OF VARIOUS TYPES OF PLATES

All that is said in the preceding section about the
critical effect of the boundary layer upon the drag
of spheres, applies in principle to all sufficiently
rounded bodies, such as the strut sections for in-
stance in Chapter VI. On the other hand, bodies
with sharp edges, such as disks and plates in a flow
normal to their surfaces, do not show any critical
drag decrease. The pressure gradient around the
sharp edges would necessarily be extremely high for
a flow pattern attached to the rear of a plate — that
is, theoretically from Ap/q = — oo at the edge to
+ 1 at the rear stagnation point. No boundary layer,
whether laminar or turbulent, can follow the way
around the edges of such plates.

Small R’Numbers. Figure 26 shows the drag coeffi-
cient of disks and square plates in normal flow, as
a function of Reynolds number. Below Ry = 100,
there is the regime of predominantly viscous flow
as discussed in the beginning of this chapter. Ap-
proximately at Ry = 300, the drag coefficient of the
disk shows a peak, as reported from two independ-
ent sources. Observation of the flow pattern (35)
proves this peak to be due to a change in the pattern
of the vortex system behind the body.

Turbulence Effect. Above Ry = 1000, the drag co-
efficient of disks (and other plates) is practically
constant up to the highest Reynolds numbers ever
tested (approaching 107) . Because of this stability,

Figure 25. Drag areas (D/q in ftz) of an average man

in various positions, tested in a wind tunnel (31) at speeds
between 100 and 200 ft/sec. Specifications: W = 165 1b;
h=59ft V=261f; S, =20 ff.
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- IOOO-— Figure 26. Drag coefficient of circular_and square plates
E. 8\ \\ (in normal flow) as a function of Reynolds number.
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the disk is sometimes employed in the calibration
of air streams. Drag coefficients reported from nu- "
merous wind tunnels do not really show one and AN
the same drag coefficient, however. One explanation 2 -
for the discrepancies is the blocking effect in closed- 1o
type tunnel installations. Figure 27 shows another @ NACA (a) CORRECTED
influence affecting the magnitude of the drag. The 8 X AUTHOR AT DVL (1935)
coefficient slowly increases with the degree of tur- % R, = 10 o 10°
- . . = (15
bulence in the wind stream (36,b). The total in- ob Gt
crease as tested is in the order of 5%,. '
02 ROOT-MEAN-SQUARE SPEED FLUCTUATIONS
0
0 ! 2 3 [ LT
1 (31) Schmitt, Wind-Tunnel Investigation of Air Loads on Figure 27. Influence of turbulence on disk drag (36).

Human Beings, TMB Rpt 892 (1954).

1 (32) Other investigations of the human body:

a) Tani and Mituisi, Aerodynamics of Ski Jumping, Japa-
nese “Kagaku” Vol 21 (1951) p.117.

b) Straumann, Aerodynamic Tests on Ski Jumpers, Hel-
vetica Physica Acta Vol 14 (1941) p.311.

¢) Terminal velocities of parachutists near sea level, quoted
‘in Journal Aeron’l Sciences 1942 p.298.

d) “How Fast a Man Falls”, Aeroplane 57 (1939) p.445.
€) Webster, Free Falls and Parachute Descents in the Stand-
ard Atmosphere, NACA Tech Note 1315 (1947).

11(33) Tom and Swart, Airfoil at Extremely Low Speeds,
Proceedings Royal Society A, Volume 141 p.761 (1934).
11(34) Resistance of Plates and Disks:

a) “Recherches Expérimentales Tour Eiffel”, Paris 1907.
b) Drag of Disks, NACA T.Notes 252 and 253.

¢) AVA Gottingen, Ergebnisse Volume IV (1932).

d) Ring Plates, AVA Géttingen, Ergebnisse Volume II.
€) Wick, Inclined Plate, NACA T.Note 3221 (1954).

f) Smith and Whipple (MIT), Bodies Moving Through
Still Air, Journal Aeron’l Sci. 1936 p.21.

11(85) Flow pattern past plates and disks:

a) Fage and Johansen, Behind Plates, ARC RM 1104
(1927) ; and Proc. Royal Society London Vol 116 (1927).
b) Simmons and Dewey, Disks, ARC RM 1334 (1931).
11(36) Influence of turbulence on drag of plates:

a) Schubauer and Dryden, NACA Tech Rpt 546 (1935).
b) This effect has been discussed by Prandtl (ZFM 1910
p.73) and by Joukowsky (Aérodynamique, Paris 1916).

“Aspect Ratio”. Figure 28 shows how the drag of
rectangular plates (and that of cylinders with limited
length) varies with their height-to-span ratio h/b.
It is surprising how far the effect of the side edges
(ends or tips) extends toward the center portion of
these bodies. Up to b/h = 10, the drag coeflicient
does not increase appreciably, and at b/h = 30, the
coefficient is still considerably lower than that of the
two-dimensional plate (between end plates). Con-
sidering the ends of a rectangular plate as three-
dimensional, their dead-space pressure is evidently
less negative than that of the “two-dimensional”
center. Consequently, a flow of air is induced from
the ends along the rear side of the plate and the aver-
age pressure is considerably increased. Another way
of looking at this phenomenon is to assume that the
motion of the vortex street is affected by the *‘ven-
tilation” from the ends of the plate. The total varia-
tion of the drag coeflicient is between 1.17 and =
2.0. Most of the change evidently takes place be-
tween h/b = 0 and = 0.1. Interpolation is suggested
by

C,. =Cpo. [1 —k (h/b)] (29)

De
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Figure 28. Drag coefficients of rectangular plates and circular cylinders as a
function of their height (or diameter) to span ratio.
where C = coefficient in two-dimensional flow  Disk With Hole. As illustrated in figure 30, the drag

and “k” a constant in the order of 5.

Rear-Side Pressure. Plates in fluid flow normal to
their surface, have highly negative pressures on their
rear side. Because of wind-tunnel blocking, some
discrepancies are found, however, with respect to
the magnitude of the pressure coeflicient as reported
in various references (37). As likely values are
suggested:

in 2 dimensions CD. = 1.98; Cprear:_ 1.13;

in 3 dimensions C, =1.17; Cpmm.:-—O.42;

De

Plates At An Angle. Upon tilting three-dimensional
plates to an angle against the direction of flow, away
from o = 90°, the normal-force coefficient as plot-
ted in figure 29,a — remains approximately constant
between AX = plus and minus = 45°. This obser-
vation seems to be the basis of an old theory of ship
sailing. With C,,rmal = 1.17 = constant, the
lateral component of the sail is G = 1.17 cosex ,
while the drag component is G = 1.17 sinX. This
analysis can only be correct, of course, in the range
of wind-against-sail angles above & = 45° — as they
were used in the old-time fully-rigged ships designed
for sailing more or less in front of the trade winds.

of a disk (in pounds) is not reduced at first, upon
cutting a hole in its center. Beyond d; /dy = 0.25,
the drag decreases, however, more or less steadily.
Based upon the area of the resulting ring, the drag
coefficient increases and reaches a limiting value
which is identical to that of the rectangular plate
with b/h = oa, that is Cp, =.1.98. In the wake be-
hind the ring, an annular vortex street must be
expected similar to that as observed within the wake
of a cylindrical ring (17) . Between d{ /d, = 0.6 and
0.8, evidently some change takes place in the flow
pattern. Likely, the organization of the vortex sys-
tem switches here from the three-dimensional to the
two-dimensional type.

4+ ® ARC RM 1480

2 — - */5_1».1 ¥ PLATE VALUES
ased on ring area

CD 9 \‘/', I
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Figure 30. Drag coefficient of annular platgs (rings),
as reported in (34,d), at Ry, = 10",

Figure 29. Normal-force coefficients of plates having square or circular shape
(left), and in two-dimensional condition (right, between tunnel walls) .
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Fig. 31. Drag coefficient of sheet-metal “caps” (40,a) as a
function of their height ratio.

Caps and Cups. As large as the drag coefficients of
plates may be, there are other shapes exhibiting still
higher values. Figure 31 shows the drag coefficient
of open cup- or cap-like bodies (similar to para-
chute canopies) . The maximum drag coefficient (on
projected area) is obtained for h/d in the order of
0.5, a shape which is = hemispherical. Upon fur-
ther increasing the height ratio, the rear side more
and more changes into a wake “fairing”. The drag
coeflicient is, therefore, expected to approach the
theoretical minimum which corresponds to full stag-
nation pressure across the opening.

Figure 32 (near). Drag coefficients of various 3-
dxmensmnal bodies (40) at R’'numbers between
10% and 10°. Note: (v) tested on wind-tunnel floor.

1(37) Information on rear-side pressure of plates:

a) On disks and small-aspect-ratio plates see: NACA (36,
a); AVA Ergebnisse 1V; reference (40,f).

b) On plates between walls see: (12), (35,a) and (40,f).
1 (40) Experimental results on three-dimensional bodies:
a) Doetsch, Parachute Models, Lufo 1938 p.577.

b) NACA, Cup Anemometer, Tech Rpt 513 (1935).

¢) AVA, Hemispherical Bodies, Ergebnisse IV (1932).
d) Eiffel, Recherches a Tour Elffel Paris 1907.

e) Hemispherical Cup at Ry = 2 105, ARC RM 712 (1919).
{) Irminger and Nokkentved, Elementary Bodies and
Buildings, Kopenhagen 1930 and 1936; Transl'n by Jarvis.
7 (41) Sections (tested between plates or walls):

a) Lindsey, Simple Shapes, NACA T. Rpt 619 (1940).

b) Junkers Wind-Tunnel, Report Strote V.9609 (1940).
¢) Interference Between Struts, NACA T.Rpt 468 (1933).
d) Delany-Sorensen, Various Shapes, NACA T.Note 3038.

e) AVA Géottingen, Ergebnisse II (1923) and III (1926).
f) Junkers Wind-Tunnel Result on Angle Profile.

g) Reported by Barth, Zt.Flugwissen 1954 p.309.

1 (42) Free-streamline (cavitation) theory:

a) Kirchhoff, Free Jet Theory, Crelle 1869 (see Lamb).
b) Bobyleff, Russian Phys.-Chem. Society 1881 (see Lamb).
) Riabouchinsky-Plesset-Schafer, Journal Appl.Physics 1948
p-934, and Review Modern Physics 1948 p.228.

d) Reichardt, Laws of Cavities, German ZWB UM 6628.
1 (43) Neef, Dive Brakes, Fieseler Tunnel Rpt 22 (1941).

7. DRAG OF WEDGES AND CONES

Figures 32 and 33 present shape and drag coeflicient
of a number of three- and two-dimensional bodies.
All of these shapes have a more or less separated flow
pattern; most of them have negative pressure on
their rear side; and their drag coefficients are com-
paratively high.

Angle of Flow. To establish some order in the drag
coefficients of various shapes, the geometrical angle
is very useful, at which the flow is guided by the
body’s surface upon separating from its rear side.
The flat plate, for example, has such an angle "¢
= 90° A “fold” with a vertex angle of two times
45°, has a separation angle of 90° plus or minus
45°, depending upon the direction of the oncoming
ﬂow Figure 34 demonstrates how the drag coeffi-
cient increases as a function of the shape angle. Two
branches are found, of course; one for two-dimen-
sional bodies (between walls) and another one for
three-dimensional conditions. At "¢* = 0, parallel-
sided round-nosed shapes have been used in the
graph; a hallow, scoop-like body is plotted at 180°.

Figure 33 (right). Drag coefficients (41) of 2-
dimensional shapes (between walls) at R between
104 and 10°. Note: (+) in subcritical flow.
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N A C A WEDGES (41,0)
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AVA BLUFF SHAPES, FIG. 41
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Figure 34. Drag coefficients of wedges, cones and similar
shapes as a function of their half-vertex angle. At & = 90°
the shape is that of plates in normal flow; between 90 and
180‘: “folds” and hollow cones are plotted with their open-
ing against the oncoming stream.

Free-Streamline Theory. Theoretical solutions are
existing (42), indicating the drag due to pressure
on the front of “folds” and cones. The three-dimen-
sional version is plotted in figure 34; and a certain
relation is obvious between this curve (valid for
C, = 0) and the experimental function. The theory
can be modified by including the negative pressure
at the rear side (represented by “C,”); thus:
CD.— CDo- (1— CP\ (31)

where Cp, = coefficient for a rearside pressure
equal to ambient pressure (Cp = 0). Analyzing, for
example the flat plate with C, = — 1.0 and with
Kirchhoff’s theoretical value of C, . = 0.88, equa-
tion 31 yields Cp, = 1.76. The actually tested value
is in the order of 2.0, however. The cavity concept
(42) evidently does not represent correctly the vor-
tex-street pattern of this type body. A better approach
is by way of vortexstreet theory as explained in
section 3. Employing equation 13, the drag coeffi-
cient of two-dimensional wedges can be calculated
on the basis of a tested value for the Strouhal num-
ber.

BETWEEN WALLS c
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Figure 35. Drag coefficient of a dive-brake flap, deflected
from the trailing edge of a wing section (43).
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Brake Flap. Figure 35 shows an example where the
principle of flow angle is involved. Because of the
wing section placed in front of the brake flap, and
on account of the stationary vortices in the corners
between wing and flap, the angle at which the flow
leaves the flap edges, is evidently reduced in com-
parison to the flow pattern of such plate-like shape
in free flow. The drag coefficient decreases, there-
fore, considerably with the relative thickness of the
wing section — from the value Cp, = 1.8, taken for
free-flow conditions from figure 36, down to approxi-
mately half of that value.
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NOSE DRAG, Fig. 22
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Figure 36. Drag coefficients of wedges, tested between
walls, as a function of their length ratio (41,a).

Solid Wedges. Figure 36 presents the drag coefficient
of wedge sections as a function of their length ratio
1/h. In the range of negative 1/h values, the effect
of flow angle is seen again. A variation of the length
into the wake space (at positive 1/h values) slightly
increases the drag, at first; unfavorable interference
with the vortex street is suggested as explanation.
At length ratios above 2, the flow should be ex-
pected, however, somehow to reattach itself to the
wedge surface, at some distance aft of the forward
edges. It is assumed that the drag coefficient then
reduces to the comparatively low level indicated in
the graph, estimated on the basis of figure 22.

8. BASE DRAG

At the base of projectiles, there originates a pres-
sure drag which is consequently termed “base drag”.
In principle, the same type of drag is also found
behind two-dimensional bodies such as airfoil sec-
tions, the trailing edges of which are thickened or
cut off. It is possible (45) to correlate the various
tested values of base drag with each other, by con-
sidering the influence of the boundary layer origi-
nating along the forebody.
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Figure 87. Base-drag coefficient of three-
dimensional bodies, plotted as a function
of the forebody-drag coefficient Ceg.
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(a) BASE DRAG OF 3-DIMENSIONAL BODIES

Jet-Pump Mechanism. Examining the flow pattern
behind the base of a projectile, it is found to be
similar to that of a jet pump. The “jet” (formed
by the outer flow), placed like a tube around the
space behind the base, mixes with the dead air and
tries to pump it away. The static pressure at the
base of the body reduces as a consequence.

1 (45) Hoerner, Base Drag and Thick Trailing Edges,
Journal Aeronautical Sciences 1950 p.622.

11 (46) Base drag on bodies of revolution:

a) Kosin-Lehmann, Fuselages, Yb’k D.Lufo 1942 p.I, 241.
b) Projectile model see reference (30,c).

¢) Erdmann (Peenemiinde), Drag and Pressure Distribu-
tion of Cones and Spheres, German ZWB Lilienthal Rpt
139/1 p.28.

d) Charters-Turetzki, Aberdeen Ball.Res.Lab. Rpt 653.
e) Chapman, Base Drag, NACA Tech Note 2137 (1950).
7 (48) Sections formed by cutting off from trailing edge:
a) AVA Gottingen, Ergebnisse Vol III (1926).

b) Okamoato, Aeron. Institute Tokyo University Rpt 131.
c) Swaty (DVL), 0018 Section, Yearbook D.Lufo 1940.

d) Smith-Schaeffer, Cut—Off 0012, NACA T.Note 2074.
€) Sargent, 0012 With Cut-Off TE, ARC RM 2209 (1942).
1 (49) Sections with thick trailing edges:

a) Engelhardt, Momentum Survey Behind Variable Trail-
ing Edge, Aerodynamic Lab’y TH Miinchen Rpt 4/1944.
b) Drescher-Schwenk, In Water, AVA Rpt B 1944/]/17.

¢) Barlow, Propeller Shanks, NACA T Rpt 852 (1946).
d) Dornier, “Square” Rods, quoted in (41,g).

€) Strut Sections, Junkers Tunnel Rpt S5.1943/85.

1 (50) Wieghardt, Surface Imperfections, Yb’k D.Lufo 1943.
1 (61) Two-dimensional base-drag results at higher Mach
numbers NACA RM L8B13, L50E19a and T.Note 3550.

“Insulating” Boundary Layer. Studying available
pressure- or drag measurements, the base drag of
projectiles is found to depend largely upon the
length of the forebody, its surface conditions and
the ratio of base- to body diameter. The boundary
layer, arriving at the edge of the base, evidently
serves more or less as an “insulating” sheet, placed
between outer flow and “jet pump” effect, and the
dead space behind the base. The effective dynamic
pressure of the pump is, in other words, reduced
because of boundary layer thickness. This thickness
is proportional to the drag originating along the
surface of the forebody. As predominant parameter
of which the base drag is considered to be a func-
tion, we therefore select the drag coeflicient

Ctp = Drore/ @) =CSwet/Sy  (39)

where Ccgn denotes the “skin drag” of the forebody,
meant to include any drag caused by roughness
or protuberances. This analysis applies primarily
to subsonic flow. A similar treatment of transonic
and supersonic base drag is presented in the corre-
sponding chapters.

Base Drag of Three-Dimensional Bodies. The avail-
able experiments on projectiles and “fuselages”,
plotted in figure 37, indicate approximately

Cop = D/(q S)= 0.029/\/Coy (84
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Figure 39. “Base” drag, originating behind
the cut-off or thickened trailing edges of foil
sections. Coefficients are defined in the text.
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with “B” denoting the base. In the case of bodies lage body, the trailing end of which was cut off in
with a base diameter smaller than that of the fore-  steps. The fuselage of an average airplane may have
body, the mechanism of base drag may essentially a drag coefficient, however, much higher than that
be the same as with parallel-sided bodies. Referring  of such a smooth body of revolution — possibly in
the base drag to the maximum cross-section area of  the order of Cp. = 0.15, if accounting for surface
such bodies, and w1th forebody- drag coefficient  irregularities and protuberances. For dgy /d = 1,
C e = Cpe. d /dB) » equation 34 is transformed  equation 35 indicates a corresponding base drag in
into the order of ACp, = 0.09. To accommodate the
tail turret of a bomber, a ratio of dg /d = 0.5 may
be sufficient, however. The resultlng base-drag co-
efficient in the order of less than 0.01, is compara-
tively small; in the order of some 69, of the fuse-
lage drag.

AC,, =D/ (q8,)=0.029 (d/a’/V VG, (35)

with Cpp, representing the forebody drag. Figure

38 shows corresponding results on a smooth fuse-
Effect of Boat-Tailing. Rounding or tapering the
blunt end of a fuselage body affects the base drag
only as far as a round edge is able to “pull” the
flow somewhat into the space behind the base. In

o4 bodies with Cgp in the order of 0.5 and higher, the
C’:j,z 16, =090’ effect of roundmg the cut-oft end is expected to be

'I(Aﬁ hardly noticeable. In a similar way, the effect of
oo . soov Vi Ay N 'l 7 “boat-tailing” the rear end of projectiles, depends
003 upon the boundary-layer thickness and the employed

shape of taper. By means of a boat tail, moderate in
size (dg /d = 0.9) and in angle of taper (in the
order of 5° as against axis) it is possible somewhat
to reduce the drag of projectiles. Reference (46,b)
shows in such a case a reduction in the order of
ACp, = — 0.07. For larger taper angles, or in cases
where drag and boundary-layer thickness of the fore-
body are much larger, rather the maximum cross- °
Figure 38. Drag coefficient of a streamline body, whose section area of the body must be considered as “base”

trailing end is cut off in steps (46,a). In calculating the f‘nd the base drag be determined for the correspond-
function, the base diameter is assumed dp /d = 2(41/1,). ing G £ value (based upon the larger area) .
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(b) BASE DRAG IN 2-DIMENSIONAL SHAPES

By cutting off or thickening the trailing edge of a
wing section, a “base” is formed, flow pattern and
“jet-pump” mechanism of which is similar to that
as outlined in the foregoing paragraphs for bodies
of revolution. Figure 39 shows the available test
points, plotted against the same forebody-drag co-
efficient as defined in equation $3.

Base Drag at Sheet-Metal Joints. Behind certain
sharp-edged sheet-metal joints, as illustrated in
Chapter V, flow pattern and “base” drag are similar
to those at the blunt trailing edge of a wing. The
drag of such sheet-metal joints naturally corre-
sponds to the thickness of the boundary layer within
which they are placed. Employing the analysis as
given in Chapter V, and with the appropriate con-
stant, the base-drag coefficient of sheet-metal joints
is found to be

C,, =018 Vh/5 (36)

where h denotes the height or thickness of the pro-
truding sheet. The thickness “6” of the turbulent
boundary layer is given in Chapter II. From equa-
tions 18 and 19 of that chapter can be derived that

Gp = (w/h) G = (x/h)2 (8/x)=0.28/h

Upon introducing h /8 = 0.2 Cpp into equation 36,
the base-drag coefficient is found to be

Cpg :0.1/ VCey (38)

Drag Due to Blunt Trailing Edges. Most of the
results in figure 39, indicating the base drag of air-
foil sections with blunt trailing edges, show coeffi-
cients which ar esomewhat higher than according
to equation 38; thus:

Cpp =O'135/3‘/CFB (39)

Explanation is found in the flow pattern. Behind
two-dimensional bodies with detached flow, we
usually have the regulated pattern of the vortex
street (figure 6). In the case of the sheet-metal
joints, the up- and down movement of such a street
is damped, however, or even suppressed by the pres-
ence of the wall along which the wake proceeds.
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The base drag of the joints is consequently smaller
than that of most of the foil sections. — It might be
expected in streamline shapes, that the more or less
negative base pressure would have an effect upon
the pressure distribution of the forebody. Results
of such shapes correlate well, however, with experi-
mental points found in parallel-sided shapes (where
the pressure distribution is not so much expected to
be sensitive) .

Profile-Drag Coefficient. The base-drag coeflicients
(equations 38 and 39) are converted into profile-
drag coefhicients by multiplying them with h/c:

Dso)/3- /7 (40)

Acbs=k(c

where k = 0.10 or = 0.14, respectively. Figure 40
(as figure 39) shows a transition of the experimental
points from one of the calculated curves to the other.
Obviously, for small values of h, as long as the trail-
ing edge is thinner than roughly one half the bound-
ary-layer thickness, a regular vortex street does not
originate. Results are also available (48, c and d),
where vortex activity and base drag are seen to be
reduced upon putting a symmetrical foil section at
some angle of attack (so that G, = plus or minus
0.1) . It is suggested that the vortex street loses sta-
bility in unsymmetrical conditions of flow.

=== WITE 0.10 ("W'OUT" YORTEX STREET)
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Figure 40. Drag increase of airfoil sections, due to cutting
off or thickening the trailing_edge.

Laminar Mixing. In supersonic experiments on
slender shapes (described in the “transonic” and
“supersonic” chapters) , there is a marked difference
between laminar and turbulent mixing along the
wake. Pressure distributions favoring laminar flow
are not likely to prevail, however, in ordinary sub-
sonic shapes and at subsonic speeds. It seems that
the presented material only represents turbulent
mixing. There are also some results included in
figure 37 obtained at supersonic (that is, transonic)
Mach numbers; they obviously agree with the points
corresponding to subsonic (incompressible) experi-
ments. It is found, however, that the results in (51)
at Mach numbers between 0.7 and 0.9 (and at mod-
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erate R'numbers) correlate with the points in figure
39 only if assuming that their skin-friction drag is,
at least to a larger part, laminar.
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Figure 41. Drag coefficient of foil sections whose trailing
edges are cut off in steps. References (48, a and b).

Cut-Off Trailing Edge. In figure 41, minimum drag
coefficients are plotted of several airfoil sections the
trailing edges of which were cut off in steps. For
conventional sections (with the maximum thickness
located at = 309, of the chord) the thickness of the
trailing edge is approximately

h/t = 2(48c¢/c,) (41)

where ¢, denotes the original chord of the section.
Replacing in equation 40 the “h/c” by (h/t) (t/c)
and substituting Cp o = Cpo. (t/Co) , an approxi-
mate but simple expression is found for the addi-
tional drag caused by cutting off the trailing edge
of such sections:

D
Ac, — —2
* q S,

0.135 2% [Ac 1% 034 [ AcT4/3

3\ / Cbo- Co 3\/ CDo. S

This incremental drag coefficient (based on maxi-
mum thickness of the section) is plotted in figure
41 together with some experimental results.

I

Optimum TE Thickness. In the case of wings, the
trailing edge does not only affect the drag but also
the lift; the maximum lift is somewhat increased.
As explained in (45), the airfoil efficiency ratio
CLmase /Cpemin reaches a flat maximum between
h/c = 0 and = 0.49, assuming conventional values
for the original lift- and drag coefficients of an air-
plane. The corresponding permissible thickness of

FLUID-DYNAMIC DRAG

the trailing edge of a wing is in the order of 14
to 1 inch, depending upon the size of wing and air-
plane.
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Figure 42. Lift and drag of a 409, thick foil, having
square ends and ratio A = 4, as tested in a wind tunnel
(49,e). The section drag is determined by wake-survey.

Thick Sections. Figure 42 shows another example
where a blunt trailing edge is of practical impor-
tance. The lift characteristics of a 409, thick section
are considerably improved upon employing a thick
trailing edge; the maximum lift-drag ratio is in-
creased by some 1009, (!). Profiles with high thick-
ness ratios are used at the blade roots of propellers.
The flow past such sections is usually somewhat de-
tached from the rear. Thickening the trailing edge,
therefore, means “filling out” the dead space. An-
other series of tests (49,b), carried out on short
foil- or strut pieces with geometrical aspect ratios
of b/c = 1.4 and 2.0, but placed between the walls
of a two-dimensional water tunnel, shows drag re-
ductions in the order of 25 and 309, for thickness
ratios of t/c = 57 and 809, respectively — after
thickening their trailing edges up to h/t = 0.5 and
0.6. In this case, the flow past the original section
(with h = 0) is, of course, severely handicapped by
interference with the tunnel walls. Similar condi-
tions prevail, however, in the inside of turbo-pro-
peller configuratjons, where the air flow feeding the .
jet engine, has to pass between the blade roots of
the propeller.

11 (52) Pressure drop across grids and screens:

a) Hoerner, AF Tech.Rpt 6289 (Wright Field, 1950) .

b) Eckert-Pfliiger, Mesh, Lufo 1941, 142; NACA T.M.1003.
¢) AVA Géttingen, as in reference (53,a).

d) Scholkemeier, LFA Braunschweig Rpt 10 Apr 1943.
€) Adler, Mach-Number Variation, NACA W.Rpt 1.-23.
f) Weske, Airfoils in Grids, J'1 Aeron’l Sci. 1944 p.369.

g) Grids, Mitt.Hydrau.Inst. TH Miinchen 1 (1926), 2.
h) Baines-Petersen, Screens, Trans ASME 1951 p-467.

i) Schubauer-Others, Screens, NACA T.Note 2001 (1950).
k) Roberston, see in reference (55,c).
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9. DRAG OF NON-SOLID BODIES

Grids or screens can be used for wind protection
(63,a), as turbulence screens in wind tunnels, as
safety grids in the intake ducts of engines (52,a)
and in the design of dive brakes or similar devices.
The mechanism of flow across pervious sheets of
material also helps to explain the drag characteris-
tics of parachutes and wind socks.

Loss Coefficient. The loss of momentum that the
flow encounters upon passing through pervious or
porous material, is a function of shape and solidity
ratio of the elements or ribs composing the sheet.
The solidity “& ” is the ratio of the projected solid
area S, to the total area S, . The pressure drop across
screens, perforated sheets or through fabrics — is
found by tests in closed channels (ducts). With “1”
indicating the conditions ahead of, and ““2” behind
the obstacle, the loss coeflicient is

§ = (—nr) /(059W)= Bpra, (1)

where w indicates the average velocity in the chan-
nel (w = w; = w,). In the case of round rods or
wires, forming the grid or screen, the flow can be
considered to be that through a bunch of nozzles
along which the velocity is increased from w to a
maximum ‘“‘w,”. Subsequently the cross section is
suddenly’ expanded again. The corresponding loss
of momentum is indicated (according to Borda;
see about diffusers in the chapter on “internal sys-
tems”’) , by the coeflicient

2
ground = (G/(1-¢) (#8)
In the case of grids composed of sharp-edged strips,
the flow contracts within the openings to a cross-
sectional area which is in the order of (2/3) Sopen -
The loss coeflicient is, therefore, equal to that at a
higher solidity ratio:

gshw; 05+S/1-a2 @

Experimental data plotted in figure 48 substantiate
the two theoretical equations, particularly in the
higher ranges of the solidity ratio. The term 1/§
(which can be considered to be the dynamic pres-
sure q,, necessary to produce a certain pressure
differential Ap) has, therefore, been plotted in the
right-hand part of the graph.

3-23

Free-Flow Principle. The loss coefficient of screens
and grids having smaller solidity ratios, can be de-
rived from the free-flow drag coefficient Cp,, of
their elements or ribs, if allowing for the increased
velocity w,. = w/(1 — &) within the openings:

Cp 3/ (1 —&Y (50)

§'Free —

Using, for example, Cp,, = 1, the equation ap-
proximates the loss coeflicient of round-wire screens
or grids, up to @ = 0.3. Between this solidity ratio
and 8 = 0.5 or 0.6, a transition takes place from
this function to that as indicated by equation 48.

Streamline Grids. Using in the last equation Cyp,
= Cpso (c/t), the loss coefficient of grids composed
of slender streamline elements can be obtained from
their basic profile-drag coefficient Cpyo . Substan-
tiated by tests (52,f) up to ¢ = 0.5, the equation
shows that such grids have much smaller loss coefhi-
cients than round-wire devices. Streamline grids are,
therefore, suitable for protection against foreign
substances — if placed across the inlet channel of a
water turbine or in the intake duct of aircraft en-
gines.

WIRE ELEMENTS AT R,‘>10‘s
{(52,c)e {52,e)a (52,d)v
(52,b)m (55,)¢ BLUFF v

STREAMLINE ELEMENTS A (52.f)

{55,c}¢ % (55,d)
SHARP ELEMENTS AT R, > 1
(52,c)+ (52,h)I (52,d)X
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G2 I\ (s\s,a) {
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Figure 43. Momentum-loss coefficient across pervious
sheets of material (screens and fabrics) as a function of
their solidity ratio. Experimental results from (52).

Fine Fabrics, such as parachute cloth, have yarn
diameters in the order of d = 1 mil. The Reynolds
number Ry = wyd/v is correspondingly small; in
the case of a man-carrying parachute during steady
descent, in the order of Ry = 200. In the vicinity
of this number, the viscous forces are of appreciable
magnitude (as shown in reference 55). Consider-
ing a certain solidity, the loss coefficient is therefore
2 or 3 times as high as beyond R, = 10°, for which
range the Borda-type equations (number 48 and
49) are applicable. The loss coefficient of an aver-
age parachute cloth is thus in the order of § = 200
or 300; see experimental points in the right-hand
part of figure 43.

FABRIC ELEMENTS AT R,= 200
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Compressibility. The pressure loss across screens
and grids increases with the Mach number (52,¢).
The increment is of the type A§ ~ M"; and it is
unimportant up to Mach numbers M = w/a of about
half the critical value. The critical number indi-
cates that the speed of sound is reached within the
openings of the porous material considered. At
solidities higher than € = 0.6, the critical number
is approximately

Myt =

058 (1- &) (51)
Drag In Free Stream. Upon placing a pervious sheet
of material in a free stream—instead of in a closed
duct—the velocity w (shortly ahead and behind the
surface) is smaller than the undisturbed velocity V.
Part of the flow turns sideways in order to get
around the obstacle, rather than passing through
the sheet. Assuming that w = 0.5 (V + wWeo) ; (where
W oo = wake velocity far downstream) , theory (54)
gives a function between drag coefficient and loss

coefficient:

Cog=D/(@8) =1— (4 —§ya+$)»

This equation agrees with experience, up to § =1
and Cpgq = 0.6, as can be seen in figure 44. Beyond
this limit, Cpg steadily approaches the value of
the solid plate or disk (Cp, = 1.17). Beyond the
range of the plot (§ = 20), the drag difference
between pervious sheets and solid disks is no longer
considerable (less than 59%,). As derived from
their definitions, the relation between loss- and drag-
coefficient is given by

c, = SV wV=yCp/8

pa (53)

By combining available information on the value
of S with the function in figure 44, it is possible

e+
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Figure 44. Relation between the drag coefficient of per-
vious sheets in free normal flow, and the pressure-loss
coefficient of the porous material. References (53).
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to determine the drag coefhicients of pervious ob-
stacles (in normal flow) as a function of their solid-
ity ratio. As an example, the drag of a radiator (core
in the open, without duct or fairing) is quoted from
(53,d) . For a design with § = 3, the drag coeffi-
cient was found by wind-tunnel test to be Cpy =
0.95; see in figure 44.

Parachutes. Permeability is a function of the loss
coefficient (equation 47) across any porous mate-
rial, with “w” indicating the average velocity shortly
ahead or behind the “sheet”. Considering the vol-
ume flow of air through the opening of a parachute
canopy, or through its maximum cross-sectional
area Sg, the effective velocity is found to be higher
than the “w” obtained from the " $ “coefficient of the
fabric used — approximately in proportion to
Smat/Sg- The velocity ratio is increased accord-
ingly, to

Wo/ V=(mat/%) V Coa/ §

(54)

where Synat = developed area of the material form-
ing the canopy. Using now this ratio as a permeabil-
ity measure for porous obstacles (rather than that
of the material as such), various experimental re-
sults of pervious drag ‘‘bodies” have been corre-
lated in figure 45. Flat sheets are included in the
graph as well as parachutes. It is believed that at
higher permeabilities, the shape has little influence
on the magnitude of the drag coefficient. Approach-
ing, however, the solid condition (at w/V = 0),
the external flow pattern is naturally a function of
shape. — The outlined procedure is equivalent to
calculating the drag coefhcient as

Con = § &St (/V)° (55)

Parachutes and wind socks are further discussed as
listed in the Index.

® standard disk value (figure 32
® solid cup or cap in tunnel (40,a
B parachute models in tunnel (56,a
+ grids and screens - tunnel (53,a
LS A pervious shests drop tests (53,c
® —eWeinig heory (54
~a ~+-taken from figure 44
Cnﬂ “a®.
— — B, N
T
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Figure 45. Drag coefficient (on frontal area) of pervious
sheets and parachutes, as a function of the velocity ratio
wg /V (defined for maximum crosssectional area).
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Figure 46. Drag characteristics of fluttering flags (57); as a function of fabric
weight (left), and as a function of chord to span ratio (right).

Drag of Flags. Flags are made of porous material
(fabric) . Their drag is caused, however, by a mech-
anism different from that as explained in the pre-
ceding paragraphs. The minimum drag of a “sheet”
in tangential flow corresponds, of course, to the
(turbulent) skin friction drag along the two sides;
and may thus be in the order of Cyy = 0.01, assum-
ing Cg¢ to be = 0.005. Tested drag coefficients of
flags are considerably larger, however, than the
frictional minimum. Additional pressure drag arises
by way of flow separation, caused by the flutter of
the bunting, which is caused in turn by separation.
Two parameters are found in (57) affecting the
drag of flags; the chord /span ratlo (c/b) and the
weight of the fabric (in 1b/f®). As illustrated in
figure 46, there are two components of drag; one
representing skin friction plus drag of “batten” or
staff (Cpo = 0.025), and a dynamic component
representmg flutter and separation. For an aspect
ratio” b/c = 1, and a material of 0.02 1b/ft?, the
drag coefficient is in the order of Cpg = 0.1, a
value which is found 10 times as high as the fric-
tional drag estimated above.

11(53) Drag of pervious obstacles in free flow:

a) AVA Gottingen, Grids, Ergebnisse Vol IV (1932).

b) Scholkemeier, Rpt LFA Brunswick 10 April 1943 (52,d).
c) Taylor & Davies, Porous Sheets, ARC RM 2236 and 2237.
d) Properties of Radiator Cores, NACA T.Rpt 63 (1919).
1 (54) Weinig, Theory of Parachutes, Yearb’k D.Lufo 1940.
1 (55) In the viscous range of the Reynolds number:

a) Hoerner, Properties of Screens and Fabrics, Textile
Research Journal 1952 p.274.

b) Dannenberg, Porous Material, NACA T.Note 3094.
¢) Robertson, Fabrics, Textile Res.J’1 1947 p.167.

d) Longnecker, 1950 Thesis Text. Inst. Lowell, Mass.

1 (56) Drag characteristics of parachutes:

a) Scher and Draper, NACA Tech.Note 2098 (1950).

b) More references are under “parachutes”; see Index.

{1 (60) Experiments with movable-skin devices:

a) Prandtl in Ergebnisse AVA Gottingen Vol III (1936).
b) Farren, in Goldstein’s “Modern Fluid Dynamics” 1938.
(57) Fairthorne, Drag of Flags, ARC RM 1345 (1931).

10. REDUCTION OF PRESSURE DRAG

Considerable pressure-drag coefficients are always
the result of flow separation. Accordingly, to reduce
the drag, separation itself must be tackled. Several
means have been tried to control the boundary
layer; moving portions of the body surface in the
direction of flow, guiding the flow around edges
through auxiliary foils or vanes, discharging fluid
with high velocity into the boundary layer, and
finally removal of the retarded boundary-layer mate-
rial by way of suction.

(a) MECHANICAL DEVICES

Moving Skin. Upon moving, by suitable means, por-
tions of the skin of a body in the direction of flow,
the relative velocity between air and body surface,
and accordingly the skin friction — can be reduced.
The formation of a boundary layer can thus be
prevented and flow separation can be avoided. As
an example, figure 47 shows the flow pattern around

(a) Vortex Street; Cp.

(b) ©p = 0, to be Expected

i rens

(o) Application at Corner

Figure 47. Flow pattern past rotating circular cylinders:
(a) Separated flow pattern with vortex street; :
(b) Cylinders as presented by Prandtl (60,a);

(c) An application as suggested in (60,b) .
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a pair of circular cylinders. With the two bodies
rotating in the directions as indicated by the ar-
rows, the flow becomes attached all the way along
the rear side of the configuration. The drag is con-
sequently reduced, practically to zero. It is doubt-
ful, of course, that any design involving moving
surfaces will ever be successful in practical applica-
tion. Years ago, the “Flettner Rotor”, intended to
utilize the “Magnus” effect — was an application of
this type of boundary layer control. A possible ap-
plication, suitable to reduce the resistance of blunt
shapes, is illustrated in the lower part of the illus-
tration.

Vortex Generators (62). Another “mechanical”
means of preventing or postponing separation is
“redistribution of momentum in the boundary
layer”, or “transporting of momentum to the lower
regions of the boundary layer” by means of vortex
generators or through ramps or wedges placed ahead
of the expected separation. Through such “mixing”
methods, separation can evidently be somewhat de-
layed and the lift of wings or wing flaps can be
increased. With regard to drag, an equal price has
to be paid, however, for avoiding separation in the
form of momentum losses in the outer stream.

—C = 0.54
D
) = 0.6
o
i
1 |
1 !
i ]
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Figure 48. Reduction of separation drag (of a disk) by
means of a “ring”, tested in various sizes in reference (61,a).

Ring Surface. The flow around sharp edges can
considerably be improved by means of auxiliary
foils. The most-commonly known application of this
method is the leading-edge slot, employed to in-
crease the maximum lift of wings. Considering blunt
bodies, the separated flow can be affected by simi-
lar devices. As an example, figure 48 shows how the
drag of a disk is reduced to approximately 409, of
the original value, by means of an annular foil
which is placed around it. Such surfaces have been
used in the form of the “Townend Ring” (61,a)
to improve the flow pattern around radial engines
(see in the “internal-flow” chapter).

Guide Vanes. For application in blunt bodies, guide
vanes have been investigated (61,b). As an exam-
ple, figure 49 shows a favorable arrangement of
double vanes at the nose and at the base, respec-
tively, of a two-dimensional shape. In either case,
the drag is reduced to a fraction of the original
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with: C, = 0.26

w:'Lout 1)‘= 0.7 ¢.
v —3— R¢ = -10®

with: Cp = 0.27 X

w'out i = 0.58 -m/?

Figure 49. Reduction of pressure drag on a two-dimen-
sional body by means of staggered guide vanes (61,b).

value (without vanes). Auxiliary surfaces similar
to these have also successfully been used to reduce
the drag of buses. However, employing any such
devices, possible interference effects and the drag
of the parts necessary to support the vanes, should
not be overlooked.

(b) BOUNDARY-LAYER CONTROL

Discharging Fluid. The boundary layer’s momentum
deficiency can be counteracted by discharging a
high-velocity sheet of fluid from within the body
considered, tangentially into the layer. Flow sepa-
ration, if originally existing, may be eliminated
in this way. This technique has not yet been util-
ized in practical applications. So far, successful tests
have been conducted with the aim of increasing the
maximum lift of a wing section by blowing air over
its upper side (63), thus affecting the flow in a
way similar to, but more intensively than by wing
slats. The maximum lift can be doubled by this
method. Discharging of fluid is also of interest in
connection with boundary-layer control by suction;
the removed volume of fluid has to be discharged
at some other place (if it is not consumed in the
engine) .

Suction Method. The suction variety of boundary-
layer control has also been tried for increasing the
maximum lift of airfoils. The boundary-layer sheets
closest to the surface of the upper side, are removed
through openings or slots into the hollow wing by
means of a blower (and returned somewhere else
into the outer flow). The suction method is also
very effective in stabilizing the laminar boundary-
layer flow — as described in the “friction” chapter.

Sphere With Suction. As an example of the possible
application of boundary-layer suction in bluff bod-
ies, to prevent or to reduce separation, figure 50
presents the drag coefficient of a sphere at Reynolds
numbers above the critical — as affected by suction
(64) . Portions of the rear surface are replaced by
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Figure 50. Drag analysis of a sphere, tested with boundary-
layer suction at the rear side, to reduce separation.

wire mesh; the air from the boundary layer is
sucked through this mesh and discharged sideways
into the space outside the wind-tunnel stream. Un-
der these conditions, the drag as measured at the
tunnel scales, is reduced from Cp_ = 0.125 to 0.070.
As indicated in the treatment of laminarization
through boundary-layer control (in Chapter II),
the power expended in the suction machinery can
or should be considered in the form of an additional
effective drag coefficient. Since in the sphere experi-
ment considered, the original drag coefficients have
been determined as forces on the wind-tunnel bal-
ance, the procedure is somewhat different, however,
from that as described in Chapter II. To obtain the
wake-drag coefficient, values of (2 Cg) have been
subtracted from the tested values. Then, to obtain
the total effective coefficient, values of (Cq Cp)
have been added to the wake-drag values, with Co
indicating the difference between pygbient 2nd the
pressure inside the hollow sphere. As an important
result it should be realized that in case of the sphere,
the volume coefficient Cq4 is at least one order of
magnitude larger than in the laminarization tech-
nique (Chapter II). As a consequence, the pressure
drop across the suction openings is considerable;

1 (61) Experiments on Auxiliary foils or guide vanes:

a) Townend, “Townend Ring”, J.R.Aero.Soc. Vol 24.

b) Frey, Guide Vanes, Forschung Ing.Wesen 1933 p.67 and
1934 p.105; see also Fliigel in Yearb’k ST.G 1930 p.87.
11(62) Postponing separation by vortex generators:

a) Bursnall, Generators on Lift, NACA Rpt RM L52G24.
b) Stephens-Collins, “Ramps”, Austral. ARC Rpt ACA-55.
11 (63) Discharging fluid into boundary layer:

a) Hoerner, Maximum Lift by Blowing, ZWB FB 276.
b) Williams, Blowing Over Flaps, ARC C.Paper 209 (1955).
11(64) Schrenk, BL Control, Zts.Flugt.M.Luft 1926 p. 366.
11(65) Preventing separation through suction:

a) Thwaites Flap, ARC RM’s 2611, 2787 and 2788; see
also NACA T.Note 3498 and ]l Aeron’l Sci. 1948 p.189.
b) Griffith-Type Foil-Sections in Wind Tunnel, ARC RM’s
2148, 2149, 2475, 2577, 2647 (1945 to 1953).
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Figure 51. Drag of a circular cylinder (at subcritical
R’number) as a function of suction; from reference (65,a).

the Cg values are high and they increase appreciably
with the suction-volume coefficient Cq. In conclu-
sion, the total drag coefficient of the sphere (as in-
vestigated) is reduced only from 0.125 to 0.095 in
optimum condition, while the smallness- of the mini-
mum wake-drag coefficient obtained (0.013) may
only be of academic interest.

Cylinder With Suction. Figure 51 presents results
of a wind-tunnel program designed to eliminate
separation and to produce circulation (lift) in a
circular cylinder. The so-called Thwaite’s flap is an
important part in this method of boundary-layer
control by means of suction through the porous
surface of the cylinder — evidently preventing the
start of an alternating vortex street. It seems that
the minimum value of the suction-volume coeffi-
cient Cq necessary to produce an attached flow pat-
tern, is proportional to VR4 representing the mo-
mentum losses of the laminar boundary layer. Re-
attachment is complete as can be seen in the rear-
side pressure coefficient which increases from Cy,. =
=1 (without suction) to +1 (locally at the rear
“stagnation point”), above Cq = 0.05 as in Figure
51. The drag as determined in the wake, reduces to
zero. Here again, an effective component of drag
can be calculated, representing the power expended
in pumping the boundary layer material; ACp, =
(1 + Cp) Cq, where Cp = 1.5 indicating the static
pressure differential between inside and ambient
space. The minimum total drag coefficient is then
found to be in the order of Cp, = 0.2. The result
is similar to that of the sphere in figure 50.

Thick Foil Section. Considering suction as a means
for preventing flow separation, there is hardly much
to be gained in applying it to slender wing sections
(at small lift coefficients) . A number of experiments
have been carried out, however, in England (65)
attempting to reduce separation and resistance in
comparatively thick foil- or strut sections. Figure
52 presents as an example results of a 309, thick
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shape having a cusped rear end with a pair of suc-
tion slots. It is possible to reduce the wake in this
arrangement to an apparent drag coefficient of 0.001
and 0.006, respectively. Figure 52 shows, however,
that the total drag coeflicients (obtained after add-
ing ACpg= (1 +0.7) Cg) are of appreciable mag-
nitude. With turbulent boundary layer (stimulated
at 0.1 chord), there is hardly any advantage found
in this type of suction. Only upon combining sepa-
ration control with laminarization (laminar bound-
ary layer almost to the suction slots), is a consider-
able reduction of drag (to = 14) obtained. The
value of Cpi,tel = 0.012 is not lower, however,
than that of an ordinary streamline section (with
t/c = 309, at higher R’'numbers — as can be seen
in the “streamline” chapter. It is, therefore, sug-
gested that suction is not really a favorable means
for reducing drag.

e = 30%
k198
G=-8

Total Drag Coefficients (on ‘Wing' Area):
Without Suction (Separated) CD = 0.025
With Suction, Turbulent (a) — 0.015
With Suction, Laminar (b) — 0.010

Figure 52. Drag coefficient of a foil section (between end
plates) as a function of suction applied to the rear (65,b).

(a) turbulent from 0.1 c¢: Cpyape = 0.005 Cg= 0.010
(b) laminar flow to slots: Cp e = 0.001; Cq= 0.007

Ve~ =

Rh = 2000
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II. SUPPLEMENTARY NOTES

Since there is more space available on this page,
some notes supplementing the topic of pressure
drag are added as follows.

Forebody Drag. In the second and third shape shown
In figure 53, the value of the negative rear-side
pressure coefficient is greater than the total drag
coeflicient. It is therefore concluded that the fore-
body drag is somewhat negative, thus confirming
what is explained about negative half-body drag in
connection with figure 20.

-|.14
¢y, = 1.16

Figure 53. Drag and rearside pressure of bluff sections
(41,g) tested at b = 30 h, between end plates.

Leonardo Da Vinci (1452-1519) . Figure 55 has been
traced from one of Leonardo’s drawings (F.55) of
flow patterns as he had determined them in water.
We might thus call VonKarman's vortex street
“Leonardo’s vortex trail” as well, since he is some
450 years ahead, if not in the mathematical treat-
ment, so certainly in discovering this system.

L7007 \NNN\NSCZANN /27 NP VWAl NrAN NNy

Figure 55. Flow pattern past a bluff obstacle (showing an alternating vortex
street) , traced from one of Leonardo da Vinci's drawings. — “Del Moto e Misura

dell’Acqua”, edited by Carusi and Favaro, Bologna 1923.



IV — STRUCTURES

CHAPTER IV — WIND FORCES ON STRUCTURES

The forces produced by wind in buildings are es-
sentially pressure- and predominantly drag forces
(1) . Besides buildings, other structures are of engi-
neering interest too with respect to wind — such as
bridges, chimneys, and steel masts, for example.

I. WIND CHARACTERISTICS

Speeds. Buildings have to be made strong enough
structurally to withstand the maximum wind veloci-
ties which, by past experience, can be expected in
their particular location. In England, for example,
maximum velocities between 70 and 110 mph have
occasionally been observed in violent storms (at
heights above the ground between 30 and 50 ft)
(4,¢) . In hurricanes moving along the Atlantic coast
of the United States, velocities up to 140 mph have
been reported. The dynamic pressures q = 0.5 Q v?
corresponding to the higher speeds quoted, are be-
tween 30 and 50 1b/f* . Similar values are assumed
in building codes. Appreciably higher speeds (up
to 300 or 400 mph) have been mentioned in con-
nection with tornadoes, locally restricted to the nar-
row path along which they travel. By economical
reasons, ordinary buildings are generally not made
to stand up against this type of storm.

Boundary Layer. Moving along the surface of land
or water, wind develops a boundary layer in a man-
ner similar to that as described in the “friction”
chapter. The thickness (height) of this layer is much
larger, however, as found on man-made aerodynamic
bodies. In steady winds, the thickness has been stated
to be higher than 1000 ft. Statistical observation
(2,¢) indicates that the BL thickness (in ft) is in
the order of = 30 to 50 times the speed of V, (in
ft/sec, above the layer) . The same source also gives
statistical values for the turbulent velocity fluctua-
tions within the Earth’s b’layer; their non-dimen-
sional frequency (f §/V,) is in the same order of
0.13 to 0.25 as found in wind tunnel investigations
of much thinner boundary layers. Man-made struc-
tures are usually within the b’layer. Correspond-
ingly the speeds quoted above are not really maxi-
mum; rather they are values measured at convenient

places on top of buildings or towers. Figure 1 pre-
sents a collection of tested values, plotted in form
of the dynamic pressure ratio against an altitude of
10 meters (= 33 ft) and of 100 meters (= 330 ft),
respectively. Interpolation is possible in the form of

VeVE: o q~®W"

where n is in the order of 6 or 7. Considering as an
example, the Eiffel Tower (h = 300 m = 1000 ft),
the dynamic pressure at the top may be 1.7 times the
value at the lower main platform. — Over obstacles
and because of various meteorological effects, the
distribution may be considerably different from that
in the equation. It is said, however, in (2,h) that
during 939, of the daytime, the distribution is
“logarithmic”, a type of function meant to be similar
to that in figure 1. Evidently, it is also difficult
to define zero altitude of the distribution (where
V—0) in woods or cities. It is suggested to assume
a type of sublayer, roughly corresponding to the
average height of trees or buildings, respectively; in
which velocity is close to zero.

QUOTED FROM () h, = 10m
ON RADIO MAST (d)
OVER AIRFIELD ()
FIELD () h.
US WEATHER BR (h)
ELEKTROTEKNIKEREN 1949 p.607

- S )

I ActiTupe matio W/,
0 i
0 05 lo i5 20 25

Figure 1. Increase of dynamic pressure with altitude in
steady winds, over “smooth” ground surface such as calm
water or an airfield; evaluated from (2) with h, indicating
a suitable reference altitude.
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Ground Effect. In wind-tunnel investigations and
in full-scale calculations there does not seem to be
any established rule to account for variation and
distribution of speed with altitude, as far as wind
loads on buildings and structures are concerned. On
the floor of the tunnel or on a ground board, a
boundary layer is usually present that is lower than
the obstacle investigated. Drag coefficients are then
referred to the undisturbed dynamic pressure above
the layer. Pressures are given in form of the non-
dimensional coefficient

C, = (Pocar — Pambi)/ (05 0 V3 ()

Gora = =34 i [ ——

Cp, =0.60 | Co. =096
v po g
Corear=-107 ] Corear=-T2
Co. =120 ~ | Co. =185
(bl
o 7
Ll f loesn
Vi « .
$amn ) l a) OVER GRouND Cy « 1O
\ AG=T {E P ’
b) IN FREE FLoW Gy, = |55
c
© Ve (G =.63+.37= 10
WAKE
=73 L="kh
' C,.= .63 +ho2 = .65

Figure 2. Pressure and drag coefficients of bluff shapes,
tested between tunnel walls (3,a) :

a) half bodies mounted over floor of tunnel,

b) in free flow (complete double models),

c) demonstrating influence of “splitter” plate.

Figure 2 shows that the b’layer has a considerable
influence upon pressure distribution and drag of
simple bluff obstacles. The experiment in part (c)

of the illustration demonstrates the influence of the
ground on the vortex street developing behind two-
dimensional obstacles (see in the “pressure drag”
chapter) . With the board (“splitter” plate) ahead
of the two-dimensional plate, face- and rear-side
pressures are somewhat reduced as against condi-
tions in free flow. With the board behind the plate,
the vortex street is evidently suppressed; the value
of the rearside pressure is considerably reduced
from Cp = —1.14 to —0.37, and the drag coefficient
is only = half of that in free flow. In a three-dimen-
sional plate (figure 3), the drag coeflicient is not
affected, however, by the presence of the ground.
On the other hand, because of interference with its
flow pattern, the drag coefhcient of the streamline
body in figure 3,b (with b’layer-sensitive flow sepa-
ration from the rear) , is == doubled. Since buildings
are usually of bluff and three-dimensional shape, the

FLUID-DYNAMIC DRAG

{a} half-circulor plate; Cp, = 1.19 (= 1.17) (b) half streamline body; C, = 0.09 (= 0.04)

Figure 3. Drag coefficients of two three-dimensional bodies
(seen in direction of flow), mounted over a ground surface

(3,b), tested at Ry = 2 105 where b = 90 mm. The values
in brackets indicate drag coefficients in free flow (on double
models) .

type of their flow pattern does not appear to be
affected by the atmospheric boundary layer. The
magnitude of their drag coefficients corresponds to
the mechanism of protuberances as explained in the
chapters on “irregularities” and “interference”; in
other words, their drag approximately corresponds
to the average dynamic pressure within their height.

2. VARIOUS BUILDINGS

Houses. Figure 4 presents the pressure distribution
of a house. There is positive pressure on flat sur-
faces facing the wind. In the separated space behind
the house, the pressure is uniform and negative,
between C, = —0.2 and —0.8 (depending on build-
ing shape and wind direction). In sharp-cornered
buildings, the flow may also be separated from the
lateral walls. References (4,b and c) show that the
flow can also be separated from the windward side
of roofs as illustrated in figure 4 - particularly with
slopes smaller than 45° and in taller buildings (with
h/1 exceeding unity. Figure 5, on the other hand,
is an example where the flow reattaches to the wind-
ward side of the roof. This illustration also demon-
strates that the distribution is little or not at all
affected by the particular shape of the rear side.
Wind directions different from the one in the two
illustrations are investigated in (4) . Reference (4,c)
also gives information on the mutual interaction
between several houses placed one behind the other
in a row.

IR
SEPARATION \

G=-06

LENGTH b=4 R
QN

Figure 4. Flow pattern and pressure distribution (on
center line) of a simple house shape (4,b).
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Figure 5.

Influence of the leeward-side shape of a house
on pressure distribution (3,a).

Internal Pressure. Buildings are usually not really
air-tight. The inside pressure is, therefore, affected
by the outside distribution. Since negative values
are predominant in this distribution, the inside pres-
sure usually assumes some negative value (in the
order of Cp, = —0.2 or —0.3) for a random distribu-
tion of leaks. However, by opening windows on the
windward (leeward) side, a maximum positive

(1) Principles of building aerodynamics are laid down
by Pagon in 8 Articles in Engg News Record; Mar,
Jul, Oct, Dec 1934 and in Apr, Mar, May, Oct 1935.
Wind velocities as a function of altitude:

a) Deacon Wind Velocities in the Atmosphere, Por-
ton Technical Paper No. 39, Series No. 10, 1948.

b) Paeschke, Physik der Atmosphire, Vol.24 p.163.
¢) Wind Near Ground, J.Metr.Soc. Japan, 1952 p.255.
d) Wing, Wind Pressure, Electrician 1921 p.6.

e) Goddard, BL in Atmosphere, JASci.1935 p.115.
f) ARC, Velocity Gradient, RM 1489 (1932).

g) NACA, Air Conditions Near Ground, T.Rpt 489.
h) Meteorology Atomic Energy, Gov.Printg O. 1955.
Resistance of elementary bodies:

a) Irminger-Nokkentved; Drag Characteristics, Wind
Pressure, Kopenhagen 1930 and 1936; Transl by Jarvis.
b) Schmid, Wind Resistance of Motor Vehicles, Issue
No. 1 of Deutsche Kraftfahrtforschung VDI, 1938.
Pressure distribution on houses:

a) Ergebnisse AVA Goettingen IV (1932) p.128.

b) Chien-Feng-Wang-Siao; Pressure Distribution on
Elementary Buildings; Iowa Univ. Rpt for ONR 1951.
¢) Bailey and Vincent, Wind Pressure on Buildings,
Inst'n Civil Engrs. Journ. (London) 1942/43 p.243.
Pressure distribution on aircraft hangars:

a) Eiffel, Nouvelles Recherches de I'Air (1919).

b) Arnstein-Klemperer, Akron Dock, J.A.Sci. 1936, 88.
c) Ergebnisse AVA Gottingen Vol IV p.128.
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Figure 7. Drag coefficients of simple shapes on
ground surface. First 8 bodies from (3,a) ; then comes
a cylinder (8,b) at Ry = 10%, smooth as well as with
8 ribs on outside; finally a square prism (6,b) in

~ two positions.
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——— in tunnel on rounded shape

Figure 6. Pressure distribution on airship hangars (5).

(negative) pressure value can be obtained inside the
building. This inside pressure then combines with
the negative (positive) outside pressure on the lee-
ward (windward) outside of the building, thus pro-
ducing a maximum pressure differential in the
respective wall of the building corresponding to a
coefficient Cp, = Cpovt — Cpin » which can be in the
order of 2. For an assumed maximum dynamic wind
pressure of 50 lb /ft2, the corresponding pressure
force in the considered wall is then in the order of
100 1b/ft?. The safeguard in such a wall may be
the windows. They will probably blow out (or in,
respectively) , before the wall collapses.

Hangars. Figure 6 shows the pressure distribution
on the outside of two hangars. As in circular cylin-
ders (“pressure drag” chapter) a suction peak (in
the order of C, = —1.2) appears somewhat ahead
of the roof top. Again, the internal pressure is of
great importance for the structural safety in a wind
storm. Inside pressure coefficients are, for example:

Cp = —0.6 with the hangar doors open
Co, = —0.4 with “lantern” windows open

Positive internal pressures could be produced
through openings (windows) in the windward side.
Combination of the suction forces near the top of
these structures with positive inside pressure may
lift the roof off, as it has happened occasionally in
strong winds.

Tall Buildings. Figure 7 presents the drag coefh-
cients of various shapes, tested over and in a bound-
ary layer as indicated. The coefficients are similar
to those listed in the “pressure drag” chapter. As
a function of height h over width b, the coeflicients
increase in a manner similar to those of plates and
subcritical circular cylinders in free flow. Because of
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Figure 8. Tests on model of Empire State Building (6,a) ;
note wind-tunnel boundary layer and approxi-
mate skyline of surrounding buildings.

this effect and owing to the increase of wind pressure
with altitude, the moment due to drag forces might
grow sufficiently large to turn-over tall buildings.
An experimental investigation was, therefore, un-
dertaken in connection with the design of the Em-
pire_State Building (6,a). Figure 8 shows some
results, indicating drag coefficients (determined from
pressure distribution as well as by force measure-
ments) up to Cp, = 1.5. For an exposed frontal
area (above the sky line) in the order of 100,000
f®, the wind force on the building, in a hurricane
blowmg at least with 100 mph, at a corresponding
dynamic pressure q = 40 1b/ft* — may then be
estimated to be roughly 2000 tons. It is not surpris-
ing, therefore, that the structure has been reported
(6,c) to be bending; so for example by =~ one
foot (top against base) in a 40 mph wind.

DUE TO RIBS Cor-05
9« 180" h
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\ i de03 m; RWES =10 e, RIS« 2mm
2llc V heo83 m; Vs 35 w/mc] Ry=9-1°

Figure 9. Pressure distribution on the circumference of
a gas storage tank (8,a) with smooth surface and with steel
ribs on the surface, respectively.
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3. CYLINDRICAL STRUCTURES

Storage Tank. The negative pressures at the sides
of circular cylinders can have high values, in the
order of Cpmin = —2, as shown in the “pressure
drag” chapter Figure 9 demonstrates, however, that
the suction peaks are eliminated by ribs in the out-
side structure of the storage tank, although the drag
is higher in this condition than with smooth sur-
face. With openings in the “lantern” on top of the
tank (simulating ventilation openings, if any) an
inside pressure is obtained indicated by G, = —0.5.

Chimneys. Drag and pressure distribution of circu-
lar cylinders are presented in the “pressure drag”
chapter. In full scale, the Reynolds number Ry =

V d/v is expected to be higher than the critical
R = 4 10° ). Reference (7, a) shows, however,
that the drag coefficient of a“length of chimney'
(tested between end plates) is appreciably increased
by surface roughness in the form of mortar gaps
between the bricks in old-type chimney construc-
tion:

smooth cylinder Cp, =0.3100.4
with smoothed gaps =0.41t00.5
with ordinary gaps =0.5100.6

These coefficients should not be confused with the
higher (subcritical) values at Reynolds numbers
below Ry = 3 10° (as shown in the “pressure drag”
chapter) .

Oscillations. It has been explained in the “pressure
drag” chapter that a “‘vortex street” develops behind
bluff obstacles in two-dimensional or similar flow
conditions. Fluctuating lateral “lift” forces corre-
spond to the motions of that street; and for the
circular cylinder (tested between walls) such forces
are reported in (9,a) having a maximum value of
C, = =045. Cylmders have also been investi-
gated (9,b) suspended in a water stream in such a
manner that they were free to oscillate in lateral
direction, between springs. For a particular system,
lateral force coeflicients were evaluated at resonance
speed up to G, == =1.0 and *1.6. These values
are between 2 and 4 times the fixed-and-rigid-body
result quoted above. In oscillating condition, the
frequency of the vortex street does no longer cor-
respond to a constant Strouhal number (meaning
f ~ V); rather the vortex shedding seems to be
controlled by the motion of the body at its natural
frequency. Another investigation (9,c) indicates
that in a water tank, “permitting the cylinder to
vibrate, raises the resistance up to twice the non-
vibrating resistance”. In conclusion we may, there-
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fore, assume that drag, lateral forces and frequency
(or Strouhal number) very roughly correspond to
the width “h” over which the cylinder sweeps when
oscillating instead of the diameter “d”.

In Smoke Stacks, chimneys or other cylindrical
shapes, the frequency of vortex street and lateral
forces can come into resonance with their natural
bending frequency. Oscillations of considerable
magnitude can thus be excited by comparatively
small aerodynamic forces; possibly leading to the
collapse of such structures. For example, wind-
excited oscillations of a 150 ft high steel stack with
a diameter d = 4 ft, are reported in (J0,a) beginning
at a speed corresponding to a Strouhal number “S”
= fd/V = 0.2, where f = frequency. These oscilla-
tions continued up to twice the speed at which they
first started, dangerously shaking the structure. The
oscillations could be eliminated in that case by
damping devices in the stays holding the stack. Cer-
tain modest vibrations are also reported (10,¢) to
have occurred at one or two particular wind direc-
tions in the leeward one of a pair of steel stacks.
In these directions, the vortex trail in the wake of
the windward stack evidently hit upon the other
stack thus exciting its natural frequency.

Pipe Line. Another example of oscillations is re-
ported in ({i). A 1000 ft long, 30-inch-diameter
gas pipe line, suspended on cables across a river

1(6) Dryden and Hill (Bureau of Standards) :
a) Wind Pressure on Model of Empire State Build-
ing, J.Research Nat'l Bur. of Stds Vol.10 (1933) p.493.
b) Pressure on Prism, Sci Paper BOS No.523 (1926) .
c) Rathbun, Tall Building, ASCE Proc.1938 p. 1335.
1(7) Wind pressure on circular cylinders and chimneys:
a) Ackeret, Schweizer Bauzeitung 108,2 (1936) p.25.
b) Dryden and Hill, BOS J.Research 1930 Rpt 221.
c) Pechstein, Large Cylinder, Z.VDI 1942 p.221.
1 (8) Pressure distribution on storage tanks:
a) Erg. AVA Géottingen III p.144, IV p.134; Natur-
wi’schaften 1930, 475, Bauwelt 1932 p-550, 692.
b) Hankins and Lean, Gas Rese. Board, London 1948.
f1(9) Oscillations of circular cylinders:
a) Schwabe, Ingenieur Archiv 1935 p.34.
b) Petrikat, Oscillations of Weirs; D. Wasserwirt-
schaft 1941; Forschungshefte der MAN 1952 and 1953.
¢) Hay, In Towing Tank, Princeton Rpt 1947.
d) Thoma, Mitt.Hydraul.Inst. TH Munich No. 8,9.
{1(10) Oscillating smoke stacks:
a) Scruton, The Engineer (London) 1955 p.806.
b) Pagon, Vibrations, Engg News Record July 1934.
¢) DenHartog, Vortex Wake, Proc.Nat.Acad.Sci.1954
f1(11) Baird, Pipe Line, Trans ASME 1955 p.797.
11(12) Characteristics of cables and wires:
a) CAHI (Moscow), Investigations, Rpt 33 (1928).
b) British ARC, R and M 307 (1917).
¢) Croseck, Theory of Sailing, Springer 1925.
1 (14) Oscillations in electric power lines:
a) DenHartog, Tr.A.Inst.ELEngs 1932 Paper 3291.
b) Ruedy, Canadian J. of Research 1935 p.82.
c) Galloping, Trns AIEE 1930, 1444 and 1947, 1154.
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started swaying up and down (by 5 or 6 ft) at wind
speeds in the order of a few mph. It was possible
in this case to break-up the vortex street by attach-
ing certain pieces of “splitter” plate (see in Chap-
ter III) to the pipe. Their effect is similar to that
of the ground in figure 2,a.

Cables or stranded wires and ropes are used either
as electrical conductors (in power lines and in radio
antennas) or as supporting devices (in bridges,
cable-car lines or as stays as in figure 15). Their
basic aerodynamic drag coefficient (figure 10) is
similar to the subcritical value of circular cylinders
(Cp. = 1.17). Because of the rough (grooved)
shape of their surface, cables are not expected really
to show decreased drag coefficients above a critical
Reynolds number. However, Reference (12,c) in-
dicates a steady decrease of the drag coefficient of
ropes and stranded wires from Cp, = 1.17 at Ry
=10 to Cp,= 1.0 at Ry = 610%. Wires or cables
in electric power lines (or in other applications)
also show dynamic (oscillating) characteristics simi-
lar to those described in the section on ‘“‘smoke
stacks”. The wires in power lines may thus vibrate
(and occasionally break) in one of their natural
harmonic modes.

Figure 10. Fluid-dynamic drag coefficients of stranded
wires, steel cables and ropes. Three items left
by CAHI (12,a); two shapes right by AVA
(12,c).

Galloping Lines. The musical noise in telephone
poles has its origin too in vortex streets exciting a
suitable natural frequency in the wires strung be-
tween them. Generally the street frequencies are
too high, however (estimated to be between 10 and
100/sec) to produce amplitudes which might be
damaging. — A different type of oscillation has been
observed in electric power lines ( {4 ). Because
of ice and sleet deposited on them and hanging
down from them, the wires may obtain a shape ex-
hibiting a certain “lift” curve slope. They are
then slightly lifted by wind and they start oscillating
up and down at their natural frequency in the order
of 1 per second in wires or cables spanning 300 ft
between masts. After swinging in this manner for
hours or days (!) at amplitudes up to = 10 ft in
winds between 20 and 30 mph, the cables may finally
break down. A remedy is to heat the lines where
and whenever necessary, for a short time by an
over-dosis of current so that the ice melts off.




4. STEEL STRUCTURES

Beams. Radio Towers, some bridges and similar
structures are built-up of steel beams and girders.
The sections of sharp-edged beams, illustrated in
figure 11, show drag coeflicients which are close or
comparable to those of flat plates. In two-dimen-
sional flow, Cp, is in the order of 2 in many cases,
with the coefficient based upon projected frontal
area.

C— 5 15
V=B g7 160 L8l 198 14§ ——cl,.

Drag coefficients of various beam sections (15,
a) tested on models with b = (10 to 12)-h
between end plates; b = 1.5 m.

Figure 11.

Girders. Figure 12 shows an example of a bridge
girder. Based upon the frontal area of the structure,
the drag coefficient of a single girder is Cy, == 1.7;
the projected solidity ratio of this girder is = 309,.
In a pair of girders, the second one is shielded by
the first to a certain extent. The drag coefficient
of the second girder is, therefore, only Cp, = 0.7;
and the average coefficient of the pair is 1.2. The
shielding effect may decrease, however, as the direc-
tion of the wind against the structure is selected
somewhat different from normal to the girder planes.
Solidity. It can be seen in (15) that the drag coefh-
cient Cp, (on projected solid area) decreases as the
solidity (that is, the ratio of the solid to the total
area) of a girder is increased, to Cp, = 1.3 for a
solid “beam” of b/h = 9. Figure 13 gives a statisti-
cal analysis on the magnitude of the drag coefhcient
as a function of solidity. At S,/Sq — 0, beam coefh-
cients are plotted in free flow. At S,/S; = 1, three-
dimensional solid shapes are used in the graph
(such as the disk) .

|
SINGLE GIRDER Cp,=17 l PA[R OF GIRDERS :

SoLIDITY RATIO =30% FORWARD Cp = |7
REAR GIRDER =07

Figure 12. Drag coefficient of bridge girders (16,a).
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Figure 13. Drag coefficients (on projected solid area S,)
of various steel structures as a function of their
solidity ratio.

Bridges, such as the Golden Gate Bridge, for ex-
ample, at the entrance to the harbor of San Fran-
cisco, may be exposed to the full force of strong
winds. Figure 14 presents drag coefficients of several
shapes of a road-bed structure used in suspension
bridges. It is evidently not much of a problem, how-
ever, to build bridges (and similar structures) so
that they stand up statically against predictable wind
forces. Experience with suspension bridges (16,b)
has shown, however, that their dynamic behavior
(oscillations and flutter) , based not only on drag—
but also on lift forces, is extremely important.

0.83

Ce2k§t—— be3dic

Drag coefficient (on single frontal area) of a
bridge structure (road bed plus lateral beams)
wind-tunnel tested (16,b) with A = b/c = 3.9.

Figure 14.

Radio Masts, with triangular or square cross section,
supported by stays as shown in figure 15,a, have
been built up to 800 ft in height. For undisturbed
emission, radio installations are usually located in
open terrain or even on mountain tops. They are,
therefore, exposed to strong winds. As reported in
(18), practical assumptions in their design are a
wind pressure (dynamic pressure q) between 30
and 60 lb/ft , a drag coefficient Cp, between 1.5
and 2.0 and a safety factor in the order of 3. While
the pull by horizontal antenna cables (if any) at
the top of radio masts, is considerable; namely be-
tween | and 10 tons in larger installations—the wind
pressure during a storm (to be determined through
the use of figure 13) is still higher, possibly in the
order of 50 tons.
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SOLIDITY RATIO € = 018
TWO FRAMES, ONE BEHIND
THE OTHER: Co, = 1.40
“TOWER” COMPOSED OF FOUR
FRAMES: Co.= 150

Figure 15. General shapes of radio masts (a) or towers,
(b), both built in heights up to 800 ft (18);
(c) wind forces in a lattice frame (16,d).

Steel Towers are expected to show drag character-
istics similar to those of girder bridges. Because of
the high drag coefficients involved (Cp, up to 2,
on projected area of the structural members), the
Eiffel Tower (h = 300 m = 1000 ft) has evidently
been designed in its characteristic shape; on a rather
wide base. Power-line masts and certain radio towers
(hgure 15,b) are also built in cantilever type (sup-
ported from the base, usually on 4 legs) . Figure 15,c
presents shape and drag coefficients of a typical lattice-
design section of such a tower. The mechanism of
solidity applies to these structures in the same
manner as to girders, so that their drag can be cal-
culated on the basis of the coefficients plotted in
figure 13. In a tower built up of 4 frames as in part
(c) of figure 15, the contribution of the two lateral
frames (parallel to the direction of flow) is only 59,
of the drag as indicated for the two sides normal
to the wind. That tower has a maximum wind force
(in pounds) at a lateral angle between 25 and 35°
against the flow, in the order of 109, above the value
as in the position normal to the direction of wind.

1 (15) Aerodynamische Versuchsanstalt Géttingen:

a) Various Beam Shapes, Ergebnisse 111 (1927).
b) Experiments on Steel Girder, Erg 111 (1927).

1 (16) Aerodynamics of steel structures:

a) Ower, Resistance of Girder Bridges, by Inst. of
Civil Engrs. and Inst. of Struct Engrs (1948).

b) Farquharson, Stability of Suspension Bridges, Uni-
versity of Washington Bull. No.116, I (1941).

¢) Suspension Bridges, Am.Scientist 1954 July.

d) NPL, Wind Pressure on Latticed Tower Models,
J. Inst'n Electr.Engs 1935 No. 464 p.189.

T (18) Nokkentved, Radio Masts, Ingenioren 1932 p-347.

(20) Aerodyn.Lab. TH Miinchen, reported in Kauffmann
“Tech Hydro and Aeromechanik”, Springer 1954.

1(22) Klemin and Others (NYU), Aerodynamics For
Worlds Fair, Trans AS Civil Engg 1939 p.1449.

1(24) Eiffel, Travaux Scientifiques a4 la Tour de 300
Métres, published in Paris 1900.

1(26) Additional references on building aerodynamics:
a) CAHI (Moscow), Wind Pressure on Roofs and
Walls (Railroad Station), Rpt 35 (1928).

b) Giovannozi, Building Models, L’Aerotecnica 1935
p-596; see also in Richerche di Ingegniera 1936 No.
4 p.129 and No. 5 p.105.

5. OTHER STRUCTURES

Open Roofs. Pressure distributions on certain shed-
type buildings (without walls) are included in (4,b).
Taken from another source, figure 16 shows an open
roof structure as they are used to protect the plat-
forms in railroad stations. Forces in such roofs can
be considerable; a combination of pressure (below)
and suction (on top) tends to lift the structure in
a manner similar to that of a wing. A particular
problem in the roof as illustrated in figure 16, is
the effect that the presence of a train can have upon
the pressure distribution. While the flow is always
separated from the upper side, the positive pressure
forces underneath the roof are increased to Cp, = 0.7
and 0.8, in presence of a train at the leeward side.

/7~ SEPARATION WiTH Cp = - 0.35

“\uv”n‘vaf I

Figure 16. Pressure distribution on the roof over a rail-
road platform, tested (20) on wind-tunnel model:
a) without any train; b) with train at leeward side;
¢) with train at windward side, the pressure coefficient
under the roof is uniformly Co=—102

Sphere. In big exhibitions, “‘structures of unusual
character” are sometimes erected to attract curiosity
and attention. One of these has been the ‘“peri-
phere” as illustrated in figure 17-shown together
with the “trylon” described in the subsequent para-
graph, at the “New York World’s Fair” at Flushing
Meadows on Long Island in 1939. Characteristics
of spheres are presented in the ‘“pressure drag”
chapter. For a diameter of 200 ft, supercritical flow
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Figure 17. Drag coefficient of a giant sphere (“peri-
sphere”) as tested in a 1/10 scale model (22).

pattern must be expected at wind speeds above 0.5
ft /sec. The sphere was therefore tested in the NYU
wind tunnel (22) on a model having 2 ft diameter
at a Reynolds number of Ry == 4 10°. It is seen
that the presence of the ground increases the drag
by == 709,. The drag is further increased because
of “columns” or “collar” needed to support the full-
scale structure. An interesting result is that after
adding ground and support, a lifting force is pro-
duced corresponding to a coefficient “Cy.” between
0.3 and 0.4.

G.= 43— @ —(C, =088

h = 10 times width b
VvV = 44 £t/8e0

h = 6,75 ft MODEL
h - 675 £+  PFULLSCALE

Figure 18. Drag coefficient of the “trylon” as tested in the
NYU wind tunnel (22).

“Trylon”. Figure 18 presents wind-tunnel results
on a slender pyramidal shape having h = 675 ft,
full scale. The drag coeflicient varies, of course,
with wind direction; between a minimum of 0.88
and a maximum of 1.43. In a hurricane of 125 mph,
the corresponding steady-state wind forces would
be below and above, respectively, 1,000,000 1b. Here
as in smoke stacks (discussed in a preceding para-
graph) oscillations caused by vortex shedding, in
resonance with the structure’s natural lateral bend-
ing frequency, might be of importance too.

Statue of Liberty. As a final example of a structure in which wind
forces and their exploration by model tests are of importance, the
Statue of Liberty is mentioned. Reference (24) says about this 150
feet high monument (erected in New York City harbor in 1886):
“Les études que M. Eiffel avait faites sur la résistance au vent des

7

construction métalliques le désignaiant 4 I'avance pour I'établissement
de l'ossature en fer de la Statue de la Liberté de Bartholdi”.
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CHAPTER V - DRAG OF

The influence of surface imperfections (roughness,
protuberances, holes and gaps) upon drag is twofold.
First, the boundary layer may be forced to turn tur-
bulent ahead of the transition point as for smooth
condition. This type of added resistance is treated
in Chapter 11. Second, depending upon size and
shape, any obstacle on the surface presents a drag
of its own. Only this component of resistance; that
is, the drag of various surface imperfections in tur-
bulent boundary layer, shall be considered in this
chapter.

1. DRAG DUE TO SURFACE ROUGHNESS

Surface roughness may have an endless variety of
grain size, grain shape and concentration. The type
which has predominantly been investigated is sand
roughness; sand grains of essentially equal diameter
are glued to the surface (more or less embedded in
lacquer), closely packed against each other. The
parameter defining this roughness is simply the grain
diameter “k”.

Figure 1. Skindrag_coefficient of sand-rough surfaces;
(a) as derived from Nikuradse’s pipe experiments (1), and
(b) as tested and presented in (2).
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SURFACE IMPERFECTIONS

The drag of a rough surface in tangential flow may
not be purely *viscous' Behind every single, suffi-
ciently high protuberance, the flow may locally more
or less be separated; and the resultant drag may at
least partly be pressure drag. The flow pattern
(velocity distribution) across the outer parts of the
boundary layer is much the same, however, as that
along smooth surfaces (with turbulent boundary-
layer flow) . The influence of roughness is thus re-
stricted to the sublayer; and roughness may be con-
sidered as a substitute for viscosity. If we really want
to make a distinction between frictional resistance
and drag due to roughness, we may call the latter
one ‘“‘skin drag”.

(a) Permissible Grain Size

Critical Reynolds Number. The turbulent bound-
ary layer is characterized by velocity fluctuations in
all directions. As explained in Chapter II, there is
always a comparatively thin sublayer, however,
within which stable laminar flow is prevailing. As
long as the protuberances of a rough surface are
deeply enough submerged within the sublayer, the
surface is, therefore, hydrodynamically equal to a
smooth one. As shown in figure 1, the rough sur-
faces follow accordingly the same turbulent drag
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law as the smooth ones — up to certain critical
Reynolds numbers. Only above these numbers, the
drag coefficient of rough surfaces departs from the
smooth and turbulent function which is explained
in Chapter II. In other words, as the thickness of
the laminar sublayer decreases with increasing
R’number, the roughness grains begin to emerge
from that layer at certain critical numbers. — The
results of two different evaluations are plotted in
ﬁgure 1. Schlichting’s system (1) shows certain
“dips” before the constant terminal levels of the
drag coefficient are reached. As the critical Reynolds
number is approached, the boundary layer (assumed
to be turbulent from the beginning) changes into
the state of roughness flow, first at (or near) the
leading edge, where the ratio k /8 is highest. Within
a range of Reynolds number, for example between
10° and 107 in figure 1, the transition then steadily
moves from the leading toward the trailing edge.
This travel thus takes place in a direction which is
opposite to that of the transition point from lami-
nar to turbulent boundary-layer flow. In Schlicht-
ing’s experiments, the drag coefficient of the rear
portion of the surface is evidently still decreasing
with Reynolds number — while the forward portion
has already assumed the constant terminal level.
The corresponding dip of the drag coefficient is not
seen, however, in the results of reference 2. It is
suggested that in the latter tests some of the sand
grains were protruding from the average level of
the rest. Results are known from other investigators
(see in reference 3) employing non-uniform grain
sizes — which do not exhibit either, the transitional
dip of the drag coefficient. It seems that this con-
dition also applies to most physical surfaces, in
which a certain number of larger protuberances
emerge first from the sublayer, thus covering the
dip which can be expected only for uniform rough-
ness structure.

PR | L Figure 2. Permissible size of grains
in standard sand roughness as a function
(T ermissible of the Reynolds number of the surface
considered (evaluated from figure 1).
>
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Critical Roughness Size. The critical Reynolds num-
ber (or the critical graln-s1ze ratio k/I) shall be
defined in figure 1 as the point where the smooth-
turbulent function intersects the terminal level in-
dicated by C, = constant. Figure 2 presents the
corresponding critical roughness ratio k/1 as a func-

FLUID-DYNAMIC DRAG

tion of the Reynolds number Ry . A simple rule can
be derived from figure 1; roughly independent of
length and R’number of the surface, the permissible
sand roughness is defined by the Reynolds number
based on average grain diameter “k’:

Ryeritical = (Vk/v)criticql = 90 to 120

The permissible grain diameter is accordingly

k

critical = 100 w7V

(2)

\'Ieasunng the grain size in mils, it is found for a1r
in standard sea-level condition (with v = 1. 564/10

ft2 /sec) :

185/V c:: 110/V,

permns&ble
in mil

kts

Ft/sec

——

Hence, as illustrated in figure 3, the permissible size
is a function of speed only, at a given altitude (4).
This means, for example, that a wing with 10 ft
chord, is not permitted to have a larger grain size
than a wind-tunnel model having only one ft chord,
provided that both bodies are tested at the same
speed and in the same atmosphere.

|
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Figure 3. Sand-roughness size in air, permissible on plane
walls, as a function of speed.

Influence of Atmosphere. At an altitude of 25,000
ft, the kinematic viscosity (Chapter I) is approxi-
mately twice as high as at sea level. As indicated
by equation 2, the permissible grain size on the
surface of an airplane is consequently twice as high
too at this altitude, for equal speeds. Considering,
on the other hand, the test conditions in wind tun-
nels operating with compressed air, as for instance
in the Variable-Density Tunnel of the NACA, with
a pressure of 20 atmospheres and a kinematic vis-
cosity in the order of only 1/15 of that in free sea-
level air, the permissible roughness of wing- or
airplane models is found to be very small; namely
in the order of only 0.1 mil, at a speed of = 75
ft /sec. — The permissible roughness in water will
be discussed in the “hydrodynamic” chapter.
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Measuring Roughness. Grain size and structure of
physical surfaces can be determined by optical meth-
ods (5) . The surface is lighted in oblique direction.
Using a microscope with a linear enlargement fac-
tor of 10 or 20, the grains, contrasted by their shad-
ows, are then optically measured, and a reasonable
average size is selected to represent the height or
the diameter of the grains. Naturally this method
is somewhat arbitrary. Results are furthermore com-
plicated by shape and concentration of the tiny
protuberances in physical surfaces.

Type of Surface Approximate Grain Size d
microns in mils
surfaces like that of a “mirror” 0 0
surface of average glass ... 0.1 0.004
finished and polished surfaces .. 0.5 0.02
aircraft-type sheet-metal surfaces 2 0.1
optimum paint-sprayed surfaces 5 0.2
planed wooden boards ... 15 0.6
paint in aircraft-mass production 20 1
steel plating — bare .. . 50 2
smooth cement surface . 50 2
surface with asphalt-type coating 100 4
dip-galvanized metal surface ... 150 6
incorrectly sprayed aircraft pamt 200 8
natural surface of cast iron . 250 10
raw wooden boards ... 500 20
average concrete surface ... 1000 40

Table A. Approximate values indicating the average grain
sizes (diameters) on physical surfaces.

Grain Size in Physical Surfaces. Approximate aver-
age grain sizes as found in physical surfaces, are
listed in table 4. In aviation, camouflage paint may
be requested to show a dull surface. Such paint must
have accordingly some grain size. At 400 knots, for
example, which may be a speed representative of

(1) Prandtl and Schlichting, Drag Law of Rough Surfaces,
Werft-Reederei-Hafen 1934 p.1; also Yearb.STG 1936
p-416 and Trans ASME 1936; also Transl TMB 258.

(2) Schultz-Grunow, Rough Plates, Ybk STG 1938 p.177.

(3) Hama, Smooth and Rough, Trans SNAME 1954.

(4) Hoerner, Influence of Roughness on Aircraft Charac-
teristics. Ringbuch Luftfahrttechnik Part 1 A 9 (1937) .

(5) Lichtschnittverfahren by Zeiss and Schmalz.

(6) Schlichting, Roughness Experiments, Ingenieur Archiv
1936 p.1, also Yearbk STG 1937 p.159, and Trans
ASME 1936.

(7) Experimental Results of Terminal Drag Coefficients:
a) Airfoil Sections in CAT, ARC RM 1708 and 1789.
b) Airship Bodies, NACA T Rpts 342 and 394.

¢) Hooker, Tests on Airfoil, NACA T Note 457.

d) Tests on Airfoil, Document ZWB Rpt FB 642.

€) Goethert, On Bodies, ZWB Tech Berichte 1944.

f) Young and Others, Flight Tests on Surface Con-
dition (paint, rivets, joints), ARC RM 2258 (1939) .
g) Young, 0012 Foil, Journal RAS 1950 p.534.

h) Allen-Cutland, Emery on Plank, Trans Inst. Engrs
and Shipbuilders Scotland 1955/56 see also
Shipbdg Shipping Review 1955 p.541.
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today’s fast long-range airplanes, the permissible
grain size is found in figure 3 to be in the order of
0.4 mils (at sea level). It is justified to request,
not to exceed this roughness size in manufacturing
and painting aircraft. It is not necessary, however,
or favorable, as far as turbulent boundary layer is
concerned, to polish the surface until it shines. The
light-alloy sheet metals, commonly used in airplane
construction, are generally smooth enough without
any further care, up into the transonic range of
flying speeds. It is only for portions with laminar
boundary-layer flow, especially near the nose of
wings or fuselages, that it is favorable to reduce the
grain size below the limits indicated by figures 2
or 3. There is an easy chance, on the other hand,
of producing grain sizes beyond any permissible
limit — just by incorrect handling of the spray gun.

(b) Skin-Drag Coefficients

Terminal Drag Coefficient. The fact that the drag
coefficient of rough surfaces assumes constant ter-
minal values, means that these surfaces follow a
quadratic drag law. Terminal values have been taken
from figure 1 and they have been plotted in figure
4 against the relative sand-roughness size k /1. With.-
in the most 1nterest1ng range between k/1 = 10~
-3
and 107, it is approximately found that

_ I/s
Cepormi = 0052 (/1) (4)

Some critical Reynolds numbers are marked on the
curve, indicating the limits down to which the ter-
minal values are applicable. Below these numbers,
the coefficients of smooth surfaces must be used.
The experimental points determined on slender
bodies and streamline sections, show drag coefficients
that are somewhat higher than those of plane sur-
faces (thin plates) — because of increased average
velocities past their sides.

208 1 Cﬂermincl ' '

Yo (-}-)'/5
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X . X ARG AREOI SECTIONS (o
- + AIRFOIL SECTION tcd)
L 2 AR TR
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Figure 4. Terminal (constant) skin-drag coefficient of
rough surfaces as indicated by theory (1 and 2) and as
tested (7). The points are some 109, higher than the
theoretical function because of increased average velocity
past the slender bodies used in the experiments.
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Equivalent Sand Roughness. To this point, the pre-
sented functions of rough surfaces are primarily
applicable to “standard” sand roughness. Dealing,
however, with physical surfaces, the shape of the
roughness grains and their concentration (average
distance between grains) — is of hydrodynamic in-
fluence too. Various kinds of roughness have been
investigated (6) in a special wind channel. The
aerodynamic effect of each type is simply indicated
by an effective sand-grain size “k”. This size or the
ratio k /d (where d indicates the average ‘“‘diameter”

of the grains or elements considered) — indicates
the size of standard sand roughness which produces
the same drag coefficient as the type of roughness
investigated. The limitations of the procedure are
pointed out later.

O SPHERES WITH hd = 1 (6)

* SPHERICAL SEGMENYS WITH 033 (6)

a NES h/d = 047 (6}
k * SAND IN LACQUER————(o)
d -~ o

CONCENTRATION RATIO G

/]

e

a2 o4 a6 a8 lo

Figure 5. Equivalent sand roughness “k” as a function of
roughness concentration.

Grain Concentration. The density or concentration
of roughness grains is measured by the parameter

@Sy )

where d indicates the grain diameter. Some experi-
mental results are plotted against this parameter in
figure 5. The equivalent sand-grain ratio k/d, for
example of spherical grains, increases considerably
upon decreasing the concentration. The grains are

o00lo
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evidently much more effective standing alone than
closely packed against each other. A surface with a
comparatively thin concentration (around &
209,) may thus present considerable skin drag.
Taking, for example, the maximum value for
spheres, k/d = 4, the corresponding coeﬂicxent
(equation 4) is expected to be increased to 475

1.82 of that of same-diameter standard sand rough
ness. It should be noted, however, that the spherical
shape, if “embedded” in lacquer (8,a) has a very
much reduced effect, evidently corresponding to
reduced exposure. It can also be noted that at &
= 1.0, all of the investigated shapes (with round
plan form) exhibit k values which are lower than
that of the somewhat irregular “standard” sand-
roughness variety.

Grain Shape. The influence of grain shape is most
evident (in figure 5) at intermediate concentration
ratios. It is also seen there that the equivalent sand-
roughness ratio corresponds to the height ratio h/d
of the elements and /or to their shape. Flat elements,
for example, have not only smaller k /d but also lower
k/h values than the spherical grains. The grains
found on painted surfaces may resemble the shape
of flat cones or spherical segments. Roughly, figure
5 suggests for these shapes k/d = 1 (or a somewhat
lower value) .

Permissible Grain Size. Using the concept of the
equivalent sand roughness, the permissible size of a
specific type of elements can also be estimated. For
k/d = 2, for instance, the permissible size is tenta-
tively only half of that of standard sand grains. Such
estimates may be adequate, however, only down to
concentration ratios in the order of 0.5. Below this
value, there are evidently portions of the surface
between the grains, exhibiting lesser drag corre-
sponding to smooth friction. In other words, a few
grains distributed over a larger surface cause only
small additional drag. However, their permissible
grain size must be assumed to be at least as small
as for the concentration shown in figure 5 exhibit-
ing maximum drag.

Figure 6. Drag functions having slopes C, against R'num-
ber, less than that of smooth-turbulent friction.
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Slope of Cg (Ry). At Reynolds numbers above the
critical, the skin-drag coeflicient for standard sand
roughness (with ¢ = 1) is constant; the slope of
Ce(Ry) 1s zero. As explained and demonstrated on
revolving cylinders (9), concentration not only af-
fects the critical R'number of roughness, but also
the slope of C¢(Ry) . In other words, there may not
be a constant “‘terminal” drag coefficient at all for
certain types of roughness. Figure 6 presents some
examples; and it is seen that painted and other sur-
faces exhibit coeflicients decreasing against R’'num-
ber at a rate which is less than that of the smooth-
turbulent function. Two examples of coarse-grain
coatings are included, however, in the graph-to
show the constancy of their drag coefficients. To
make the behavior of the painted surfaces under-
stood, a limited number of grains shall be consid-
ered again, distributed over a larger area. Tenta-
tively, the surface portions between the grains
maintain most of their smooth-surface behavior, in-
cluding a skin-friction drag coefficient which de-
creases against Reynolds number. The slope of the
total or average drag coeflicient of such surfaces will,
therefore, be between that of the smooth-turbulent
function and a constant terminal coefficient corre-
sponding to grain size. The data in figure 6 and
other results have been evaluated in the form of the
slope- or exponent ratio m/m, in the function

Cp = K/R; (6)

where for smooth surface “m” is in the order of 1/6;
see equation 28 in Chapter II. The slope ratios are
plotted in figure 7 against the concentration ratio

S =@ or &Sy ()

The available points are interpolated by

m/mg = (I —a)F  ®

(8) Experimental Results on Surface Roughness — Slope:

a) Kempf, Yearb. STG 1937 p-159; Trans INA 1937
b) Williams and Brown, Rivets,; ARC RM 1855.

¢) Couch, Ship-Bottom Paints, TMB Rpt 789 (1951).
d) Moody, Friction in Pipes, Trans ASME 671, 1944.
€) Todd, Skin Roughness, Trans SNAME 1951 p.315.
f) Kempf-Karhan, On Ships, Ybk STG 1951 p.228.
g) From Pipe Results, Mech’l Engg 1933 p.497.
(9) Influence of Roughness Concentration:
a) Hoerner, Effect of Roughness Concentration Upon
Frictional Drag, Journal Am.Society Naval Engineers
Vol 66 (1954) p.497.
b) Revolving Cylinder, NACA Tech Rpt 793 (1944).
(10) Hopf and Fromm, ZAngMathMech 1923 p.329 and 339.
(11) Colebrook and White, Experiments With Rough Pipes,
Proceedings Royal Society A 1937 p.367.
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REVOLVING CYLINDERS (9,b)
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Analysis of the exponent “m” indicating the
slope of C'F (R) as a function of concentration.

Figure 7.

where E = 5 for sand-type roughness. It is predicted,
however, that this exponent will be smaller for
roughness elements which are flatter than spherical
grains; possibly in the order of E = 2. — The fact
that many physical surfaces have drag-coefficient
slopes somewhere between that of the smooth sur-
face and a constant level, has been pointed out to
exist as early as 1923 (10). Data given in this and
other references have been evaluated and listed in

table B in the form of the exponent ratio m/m,.

One could reverse the procedure now, and conclude
that certain concentration ratios are the equivalent
of certain types of roughness, as tested.

Type of Surface m/m, Reference
asphalt-coated ...... 0.8 Hopf (10)
cast-iron .......... 0.8 Hopf (10)
painted plate ...... 0.8 Fig. 7 (8.,a)
steel pipe ......... 0.77 Pigot (8,)
marine paint ...... 0.7 Fig. 7 (8,0)
galvanized pipe .. 0.67 Pigot (8,g)
galvanized metal .. 0.5 Hopf (10)

Table B. Analysis of the slope ratio m/m, in several
types of surface roughness.

Polytropic Grain Size. A surface covered with grains
of non-uniform size, may be studied by assuming
one basic uniform roughness, combined with some
limited number of larger grains. Reference (11)
presents experimental results on such surfaces in
pipe flow. There are two critical Reynolds numbers,
corresponding to the grain sizes involved. At the
lower number, the drag coefficient begins to depart
from the smooth-turbulent function, assuming a
reduced slope from there on. At the second critical
R’'number, a constant terminal drag coefhcient is
reached as in uniform sand roughness. Considering
next a surface with various grain sizes, the lower
critical Reynolds number is expected to correspond
to the largest size involved. The terminal level will
then be obtained at a number which corresponds
to the smallest grain size represented in such a
surface.
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Practical Procedure. In conclusion, sand-type rough-
ness is realized not to give a complete description
of the hydrodynamic characteristics of physical
roughnesses. The above considerations of non-uni-
formity and concentration give the answer (quali-
tative so far) to many problematic results in
correlating the viscous drag of full-scale airplanes
and /or ships with model-test results (see also in the
chapter on “water-borne craft”’) . Additional research
into this problem is needed. However, for the time
being, the procedure as follows is suggested for an
appraisal of the drag function in moderately con-
centrated roughness. (a) The critical Reynolds
number is approximately determined on the basis
of the predominant or average grain size. (b) The
slope of the C¢(R) function (starting at the point
on the turbulent skin-friction curve at R..jt) is then
determined through the use of figure 7. The ex-
ponent is found as m = m,(m/m,) where m, as
indicated in Chapter II; for smooth-turbulent fric-
tion (mgy = 1/6). (c) Depending on the type of
surface (either with a uniform fine grain size, or
with underlying smooth portions) there may or may
not be a second critical Reynolds number and a
constant terminal drag coefficient.

2. DRAG OF SURFACE IMPERFECTIONS

In the following paragraphs, “‘imperfections” shall
be understood to be protuberances (and cavities)
the height of which is in the order of or less than
the boundary layer thickness. Again, the drag of
such imperfections shall only be considered here
within turbulent boundary layer. Also the results
have almost all been determined on a flat wall.

a) General Mechanism

Effective Dynamic Pressure. A small body, placed
within the boundary layer, causes a drag component
which corresponds, at least approximately, to the
average or effective dynamic pressure of a layer
limited by the height h of the body. Basically, there-
fore, the drag of surface imperfections is smaller
than to be expected in free flow or at the wall of
a body where no boundary layer is present. From
the velocity distribution across the boundary layer
(Chapter II), the effective dynamic pressure is de-
rived as

dege/a 7= 0.75 Y78 9)

The experimental points in figure 8 show the cor-
responding trend of Cp ~ (h/x)/3 , where the
length x of the surface or wall to the location of the
protuberance is the measure for b’layer thickness.

FLUID-DYNAMIC DRAG

081 Gy ! : =23
a
e
o
= /
0-6 cD-_ "40 } a © SQUARE STRIP (12a)
Lol O SQUARE PLATE  (12a)
o ° A ROUND STRIP (12.a)
e S SNakE e (3
o// I X SHMETAL JOINT i
/‘A’ ___.82 4+ SHMETAL JOINT F.10h
ok ‘; yd - = HOLES (h = d) 023)
A
/ g =60 — —=.55
- . — =.
° O e = =
e R
o
0 ///o’y/ —_— - 20
S T e = —me——— e s
é <t
o K = =
e
0 02 04 0b 0.3 Lo%

Figure 8. Drag coefficients of elementary surface imper-
fections as a function of their height ratio.

Independent Drag Coefficient. Accepting the pro-
portion D ~ h*3, it is possible to determine the
drag for any height (smaller than §) — if the same
is known for one particular height. Referring now
the drag to the effective dynamic pressure (equa-
tion 9), an “independent” coefficient is found:

D C
D
Qoep S 0.75 V' h/8

The drag of any protuberance with h < $ in tur-
bulent boundary layer — is sufficiently well defined
by means of this coefficient. At Reynolds numbers
between R, = 10° and 107, the total thickness of the
boundary layer on smooth surfaces is roughly

Six = 169 11y
with x indicating the distance of the considered
point from nose or leading edge of the respective
body. Introducing this ratio into equation 10, it is
approximately found that

3
cD = 0.33 CD/ Vh/x ; CD = 3e/h/x cD

Of course, this equation applies only to height ratios
up to h/x = 1.59,.

Against Reynolds Number. As pointed out in Chap-
ter II, the skinfriction drag coeflicient Gg and the
boundary layer thickness 8/x — are approximately
proportional to 1 /R,/c . The drag coeflicient of a
protuberance on the other hand, is proportional to
(h /6)'/3 , as indicated by equation 9. As a function
of the R’number of the surface or wall, therefore
I
Cp ~ RS (1%)
The drag coefhcient of the protuberance thus in-
creases with the Reynolds number, while the skin-
friction coefficient decreases. The percentage cov-
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ered by protuberances (such as rivet heads or sheet-
metal joints) of the wetted surface of an average
wing may be in the order of 1%,. Roughly, 999,
of the surface are thus following the laws of smooth
skin friction. Thel corresponding drag coefficient is
Gy, =0.99 0.043/R/0 | as found in Chapter II. The
drag component (on the wetted area) due to the
protuberances is Gy = 0.01 Cpp with Cy =0.75 ¢p
(h/cS)/ 3, as per equation 10. For an assumed aver-
age height ratio h/x = 0.1%, a ratio h/$ = 0.0045
R,{(’ is derived from b’layer equations in Chapter
IT; and for an assumed average coefficient ¢y = 0.4,
a coefficient Cg, = 0.0005 R;/‘s is finally found. As
plotted in figure 6, the total drag coeflicient Ce=
Cg( + Cpydecreases with the Reynolds number at a
rate which is less than that of the smooth skin-
friction coefficient. The example is a confirmation
of what is presented in the “roughness” section on
the characteristics of moderately concentrated sur-
face roughness. — It should be noted that the inter-
ference between protuberances and surface is not
taken into account in the simple functions presented.

l.o3

l.oo

128 I 125

Figure 9. Independent drag coefficient of two-dimensional
protuberances, tested (12,a) at h/§ = 7.5%, and R h =
10%, (x) decreases at higher R'numbers,
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Figure 10. Independent drag coefficient of various sheet-
metal joints (12,a), based on thickness “h".

(12) Drag Caused by Protuberances in Turbulent Flow:
a) Wieghardt, ZWB FB 1563 or Yearb.D.Lufo 1943.
b) Tillmann, Rpt KW Inst. Géttingen, Dec 1944.
¢) Abell, Resistance of Lapped Butt Joints, Liverpool
1931; see also Zeitschrift VDI 1931 p.1431.
d) Hughes-Allen, Turbulence Stimulation,
Society NAME 1951 p.281.
€) Wood, Fittings, NACA T.Note 280 (1928).

(13) Hood, Waviness on Wing, NACA T.Note 724 (1939).

Trans

b) Spanwise Protuberances

Spanwise protuberances shall be understood to ex-
tend sufficiently far across the general direction of
flow. A typical example of this type is a sheet-metal
joint running over the span of a wing (or around
the circumference of a fuselage) .

Drag of Strips. The drag coefficient of sharp-edged
spanwise protuberances, shown in figure 9, is rather
independent of their specific shape. The flow is
always detached from the rear of these strips, just
as in free flow. Reference (12,d) also indicates the
drag coefficient of wires (used for turbulence stimu-
lation) to be cp, between 0.7 and 0.9 in turbulent
b’layer (and between 0.6 and 0.7 in laminar layer).

Sheet-Metal Joints. Among the sheet-metal joints,
illustrated in figure 10, the butt joint shows, of
course, the lowest drag, ¢y, = 0.01. The highest co-
efficients on the other hand, are characteristic of
the most-protruding and sharp-edged joints, espe-
cially (c) and (g) which are directed against the
oncoming flow; ¢y, = 0.4. It is worth noticing,
however, that by beveling (at 60°) or by rounding
the edges of such joints, as in (d) and (e), their
drag is reduced, down to 1/4 and 1/10, respectively;
a result which is confirmed by another source (12,c).
Flat rounding is more effective, however, than same-
length beveling. Finally, figure 11 demonstrates that
an open joint when facing the fluid flow, has a
comparatively high drag coeflicient.
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Figure 11. Drag coefficient of a sheet-metal joint (I12,b),
in “solid” and in open condition.

Waviness. The available experimental data on sur-
face waves are plotted in figure 12. The independ-
ent drag coefficient (equation 10) increases approxi-
mately as

15 (h/1)°

C. =

D. (14)

with 1 as defined in the illustration. Considering
constant wave length (given, for example, between
the frames of a fuselage), the drag of a wave in the
sheet-metal skin of an aircraft approximately in-
creases as D ~ h7/3 = 1. Generally, however, the
drag of such waves is but small as compared to that
of sharp sheet-metal joints.
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Figure 12. Independent drag coefficient (on projected

frontal area) due to surface “‘waves”.

¢) Drag of Individual Protuberances

Small bodies, such as bolt- or rivet heads, may be
called “spotlike” protuberances. Contrary to span-
wise imperfections, they show a three-dimensional
flow pattern, of course.

Small Bodies. Among the protuberances illustrated
in figure 13, square plates have a coefficient Cp,
between 1.0 and 1.3. On the average, this coeflicient
has the same magnitude as in free flow. Further
results on plates and disks are presented in the “in-
terference” chapter. In prismatic bodies, the drag

s !
o m I [1] cpmiz0

Figure 13. Independent drag coefficient of various three-
dimensional protuberances; shapes ‘abfg' from (12,b),
“pin” ‘¢ from (12,d),'c'and d’as in (12€).

FLUID-DYNAMIC DRAG

decreases beyond 1 = h, in a manner similar to that
in figure 21 of the “pressure drag” chapter, down
to a constant level (12,b), with ¢y = 0.74. Cylindri-
cal “pins” (used in model testing for turbulence
stimulation) have comparatively high drag coefh-
cients too. Upon streamlining the little bodies, their
drag is considerably reduced.

am

0.42
(0.13)

a9

0.32
{0.13)

0.02
(0.01}

PLAT HEAD CDD= 0.04

(0.01)

f) m_"i(w PLUSH RIVET —— 002

Figure 14. Independent drag coefficient (on d3r/4) of
bolt- and rivet heads. All shapes tested (12,a) at the same
d/8 ratio. Coefficients of the last three heads are based
on the effective dynamic pressure as for the first three
(corresponding to their height h). The values in brackets
apply for supercritical R’numbers.

Bolt- and Rivet Heads. In figure 14, the hexagonal
bolt head shows, of course, a high drag coefficient,
Cpg = 0.8, based on plan-form area of the head. In
comparison to this shape, flush rivet heads present
but a vanishingly small drag coefficient (based upon
the same effective dynamic pressure as for the first
three heads in the illustration). That such flush
heads show a perceptible value of drag after all, is

|
-2 0 +2 +4

h/d
1
+6%

R

Figure 15. Drag coefficient on d3r/4) of a flat rivet head
(12,a) tested at d/8 = 8, as a function of its elevation with
respect to the surrounding surface.
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because of the small groove along their circumfer-
ence and owing to imperfections in their applica-
tion. Inevitably the head is often placed, either
somewhat too high or too low, in respect to the
surrounding sheet-metal surface. A wind-tunnel in-
vestigation into this effect is illustrated in figure 15.
The minimum drag of the flush-type heads occurs
in the vicinity of h/d = — 19,. It is thus favorable
to set these rivets purposely a little bit lower than

Aush.
{ﬂ—l h
subcritical; ¢ . —.0.5
" AT —d—
G. L~ - o % .5
03 e o = 0.3
/"/ L hid=05 A = 0.2
0 / x 0.2
// .Qz\\\_o'.a
o Jfa :
B B (N B e, —
>_._..—"——“—" supercriticach — .09
0 - 0.2 De h /
0 : 3% X

Figure 16. Drag coefficient of round rivet heads in the
critical range of their Reynolds number (12,a).

Critical Reynolds Number. Figure 16 demonstrates
that the drag coefficient of round rivet heads de-
creases beyond certain height ratios h /x. The reduc-
tion corresponds to that of the drag coefficient of
the sphere as a function of Reynolds number as
presented in the “‘pressure drag” chapter. Upon in-
creasing the height h (and the diameter d), the
effective R’'number of the heads R, = d w/v in-
creases not only because of the size, but also on
account of the effective boundary-layer velocity “w”.
Owing to turbulence in that layer, transition to
lower drag coefficients starts already around R,, =
2 10*. The middle between the limiting conditions
(cp.,= 0.3) is passed at approximately R .t =
8 10 This number is only a fifth of that of the
sphere in a turbulence-free stream. As in free flow,
the independent coefficient of the hemispherical
heads drops through the critical range of Reynolds
number from around ¢, = 0.5 to the order of 0.1

Critical Speed. Assuming a round rivet head with
1/4 inch diameter, placed within a boundary layer
where w = 0.5 V, the critical transition of the coeffi-
cient takes place between 200 and 1000 mph, if
considering an airplane flying near sea level. Condi-
tions above the critical Reynolds number are thus
not very likely to be attained; and intermediate drag
coefficients within the critical range must be ex-
pected for these heads in aircraft applications.

Height Ratio of Round Heads. As illustrated in
figure 17, the drag coefficient Cp_ (based on dy-
namic pressure of the outer flow, and plan-form

—d—

Nl e A
] o < 104
oo ° X > 105
0 I'/'
0 02 o4 h a8

Figure 17. Drag coefficient (on area d21r/4) of round
heads as a function of their height ratio. Experimental
data (12,a) reduced to d/x = 0.5%,.

area of the head) increases with the height-diameter
ratio at a power between 2 and 3. A round rivet
head with h/d = 0.2, for example, presents a drag
which is in the order of only 109, of that of the
hemispherical shape. Such a flat-round head proves,
however, to have a drag which is still much higher
than that of flush heads (see in figure 15).

Longitudinal Protuberances, extending in the gen-
eral direction of flow, such as chordwise ridges or
sheet-metal joints, for instance, are shown in figure
18. Their drag is approximately twice as high as the
skin-friction drag corresponding to their wetted sur-
face. A similar result is found for corrugated sheet
metal in figure 23.

In Oblique Flow. In crosswise flow (at @ = 90°)
the drag of the strips shown in figure 18, is in the
order of 60 times as high as in longitudinal flow
(at B = 0°). The transition between these two
directéons can roughly be approximated by Dpressure
~sin“P .

|
N
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Figure 18. Drag coefficients of strips
and grooves (12,a) in longitudinal and in
cross flow, as indicated.




d) Drag of Holes and Gaps.

The imperfections considered so far, are more or
less protruding from the surface on which they are
tested. Besides open holes, there are many cracks,
gaps and grooves, however, in the skin of airplanes,
usually at places where component parts join each
other. Such gaps (or holes) do not have a positive
height for which an effective dynamic pressure could
be defined as per equation 9. As substitute, either
the depth “h” or the length (in flow direction)
may be used to define coefficients which are com-
parable to those of positive protuberances.

7 ///I""\M Zo7% Q.07

= 1.6 h (rounded)
h=574

Figure 19. Drag coefficients (on opening
area) of several types of holes (12,a,b).

Holes, cut into the skin of aircraft, present a com-
paratively small drag, corresponding to a coefficient
roughly in the order of G, = 0.01 (figure 19). The
edge shape of these holes is of some importance.
Rounding the downstream edge, reduces the drag.
Leading, however, the flow over a rounded (and
sloping) edge into the recessed space, increases the
drag fourfold in the example as tested.

Figure 20. Drag coefficient (on area e times b) of deep
gaps or grooves (12,a,b), tested at e/x = 0.001, e/d = .06,

qeﬁ._/q = 0.3; Q= 3.4 CD'
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Transverse Gaps. The drag caused by transverse
gaps or grooves is a function of their width and
depth. A constant coefficient ¢y, = 0.014 (on plan-
form area and dynamic pressure corresponding to
a height h = e) is obtained beyond h/e = 0.7; as
seen in figure 20. However, the coefficient c;, (on
frontal area b h and dynamic pressure correspond-
ing to the height h), shown in figure 21, reaches
the constant value of 0.29 beyond a length ratio
e/h = 7. This ratio corresponds to h/e = 0.14. Be-
tween this value and h/e = 0.70 (as above), or
between e/h = 1.4 and 7.0 (as in figure 21), a
transition takes place from one regime to the other.

Shape of Edges. Figure 22 shows that the drag of
gaps (or grooves) greatly depends upon the shape
of the edges and on their position with respect to
each other. Rounding the downstream edge, helps
to reduce the drag; the flow is smoothly received
beyond the gap. Lowering the upstream edge, on
the other hand, leads the flow into the gap, thus
increasing the drag. Employing optimum positions
of the two edges, the drag is reduced some 309, as
compared to the original flush configuration.
Sheet-Metal Edges. In modern airplane construction,
the edges of gaps are usually formed by sheet metal;
and the hollow space inside may be wider than the
opening in the skin. As seen in figure 22, the drag
is somewhat larger in this case than that of a “solid”
gap. By bending the sheet-metal edges up or down,
respectively, it is possible, however, to change the
drag considerably. In practical production, it ap-
pears to be favorable to set the upstream edge as
straight as possible and to bend down the down-
stream edge to a small angle.

Longitudinal Gaps. Grooves, exposed to longitudi-
nal flow are listed in figure 18 together with pro-
truding strips. In contradistinction to the latter ones,
the gaps show much smaller drag in transverse flow
(at P = 90°). Obviously the flow jumps easily
across such a gap; but it penetrates deeply into a
longitudinal groove.

Figure 21. Coefficient (on h times b) of shallow gaps or
grooves (12,a,b), tested at h/x = 0.001 and h/é = 0.06.
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Figure 22. Drag coefficient (on e times b) of a two-
dimensional gap, groove or hollow, determined (12,a,b)
in a plane wall, as a function of the shape of the edges.

3. IMPERFECTIONS ON STREAMLINE
SHAPES

So far, the drag of imperfections has mostly been
considered as tested on the plane wall of wind chan-
nels (6 and 12). Imperfections, protuberances and
other disturbances when placed on the surface of
streamline foil sections, are considered as follows.

(a) Imperfections and Protuberances

Surface Roughness. Figure 4 shows that the drag
due to roughness uniformly distributed over the
surface of streamline shapes is somewhat higher than
on a constant-pressure wall. This is evidently so be-
cause of the increased velocity along the sides of
such bodies. Some more results concerning the drag
of airfoil sections having sand-type roughness on

(14) Doetsch, Influence of Surface Imperfections on Drag
of Sheet-Metal Wings, ZWB Document (DVL) UM
1233 (1944).

(15) Day and Schwarzbach (Curtiss Wright), Flight In-
vestigation of Surface Finish (Mud), Jl. Aeron’l Sci.
1946 p.209.

(16) Wood, Corrugated Surface, NACA T.Rpt 336 (1929).

(17) Schrenk, Wake Survey in Flight, Lufo 1928 p.l.

3
Type of Surface 10 C¢ 10° k/1 k" mils
smooth polished finish .. 3.2 +) 0
well doped linen ... 3.8 *) 0
bare (oiled) plywood .. 4.5 15 9
Junkers corrugated sheet 5.4 40 z4
coarse fabric (taut) ... 6.0 60 36

Table C. Results of wake survey in flight (17) at R, =
5 10° on wing having t/c = 17%. “k” is equivalent sand-
roughness size (derived from equation 4; producing the
same drag). (+) partly laminar (*) subcritical.

their surfaces, are presented in the “streamline”
chapter. Another piece of information is given in

table C where results of flight tests on a wing sec-

tion are listed, indicating type of surface, drag co-
efficient (obtained by wake survey) and equivalent
sand-roughness grain size as explained above. The
sectional drag coefficient came out to be essentially
constant in these tests, between C; = 0.3 and 0.6.

Corrugated Sheet Metal has been used in the con-
struction of wings and fuselages (particularly by
Junkers) in years gone by. For the range of low
lift coefficients, figure 23 presents drag coefficients
which are not too much above that of the smooth
wing at the same Reynolds number. The increment
roughly corresponds to the increase in wetted area
(in the order of 209,) due to the corrugations.
However, in case A, with the corrugations placed
on top of the original surface (rather than being
cut into the basic model as in “B”), the drag incre-
ment amounts to some 409,.

ClarkY with ¢ = 2 , R, =2 10°

for the smooth airfoil Cp, = 0.0086
for corrugations form A = 0.0118
for corrugations form B = 0.0104

Section drag coefficient of a wing covered with
corrugated sheet metal (16).

Figure 23.

Sheet-Metal Wing. In case of imperfections placed
more or less singly on the surface of streamline
shapes, an effect of the type as explained in the “in-
terference” chapter must be expected, due to the
positive pressure gradient along the rear of such
bodies. As a rough rule, it may be said here that
on the after portions of fuselage bodies and of wing
sections near zero lift, the drag due to individual
protuberances may be in the order of twice as high
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Figure 24. Me-109 sheet-metal wing with slotted flap and

aileron, tested by wake survey in wind tunnel (14).

as on a constant-pressure wall. Figure 24 shows the
distribution of momentum loss across the span of
an Me-109 wing as tested in a large wind tunnel by
wake survey behind the wing. The attachments
shown on the upper wing side have their traces in
the Cpg distribution. Other peaks correspond to the
chordwise rows of screws used to hold large sheet-
metal panels in the lower side. In this reference as
well as in other sources, it can be found, however,
that a protuberance concentrated in one particular
spot, produces a pair of peaks in the wake-loss dis-
tribution, while at a short distance behind the ob-
stacle, the flow reattaches, thus leaving no momen-
tum deficiency at its spanwise station. It is also seen
in figure 24 that the average drag level is highest
within the part of the span where the wing slat
(although retracted) is located. The average mini-
mum profile drag coefficient of this wing is slightly
above 0.010, while the same type of foil section in
smooth and undisturbed condition would have a

Cpg = 0.007 at the Reynolds number as tested.
Surface Condition CDsmin
smooth foil section (joints
filled with putty, and polished) 0.0063
common setvice condition (with
joints, rivets, camouflage paint) 0.0083
setvice condition with
“thin mud” (from-air field) 0.0122
service condition with
“heavy mud” (from air field) 0.0175

Table D. Profile drag of 22 (12.8) section, tested in ﬂlght
by wake survey (15), at G_ = 0.16 and R, = 1.6 107,

Dirt and Mud. In some physical examples of surface
disturbance, grain size or any other definition of the
imperfections is not readily known. This is usually
true for dirt or ice which may collect on the skin
of airplane wings. Table D gives an idea on the
possible influence of dirt and mud on profile drag.
Evidence on the influence of dirt and mud on
boundary layer and drag of laminar-type foil sec-
tions can be found in the “friction™ chapter.

FLUID-DYNAMIC DRAG

Ice Formation. Ice usually collects at the nose of
wing sections. Water has been injected into the
stream of wind tunnels (18) and frozen on a wing
model. The resulting changes in aerodynamic shape
were then simulated in wing models by putting on
molded wooden strips. The profile drag coefficient
for various conditions is tabulated in figure 25. Air-
planes may not only get into trouble because of drag
due to, and weight of the ice deposited, but also
because of a serious reduction of the maximum lift
coefficient in such condition.

(18, q) 2‘1»[?.

ms

Figure 25. Section drag due to ice formation of two air-
foils (18)_at low lift coefficients and at Re =
10" and 10°, respectively.

(b) Drag of Control Gaps

Certain gaps between control surfaces (ailerons,
rudders, elevators) and the airplane parts to which
they are hinged, are necessary to permit their oper-
ation. The airplane designer tries, of course, to keep
these gaps as narrow as possible. Nevertheless, they
exhibit some additional drag, described as follows:

Longitudinal Gaps. Adjoining the lateral edges of
wing slats, landing flaps and control surfaces of air-
planes, there are chordwise or longitudinal gaps,
with a width in the order of 1/4 of an inch or even
wider. Figure 26 indicates comparatively high drag
coefficients for such gaps. Information on the varia-
tion of this drag as a function of lift coefficient is
still lacking. It is suggested, however, that part of
the drag is momentum loss due to flow through
the gap, while another part may be caused by inter-
ference with the flow past the foil section.
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Figure 26. Drag of longitudinal wing gaps, tested (19)
on 2412 airfoil at G =0.1and R, =210°

Gap Width. In spanwise gaps between the noses of
ailerons, slotted flaps, elevators or rudders, and the
wing or tail surfaces, respectively, definition of gap
width is somewhat problematic. After considering,
however, what is known about the effect of the
edges in the case of spanwise gaps, the definition as
illustrated in figure 27 — is adopted for the follow-
ing analysis of available data on the drag of control
gaps. Using the width e, the area S, = e b is em-
ployed as reference for the drag coefficient Cy . In
cases where gaps exist on both sides of the airfoil,
the sum of the two widths is to be used.

Experimental Data. Figure 27 indicates how the ad-
ditional profile drag of conventional wing- or tail
surfaces caused by control gaps, increases in propor-

o020} AC,
0005 /
Jolo
O NACA,  PRESS.SIDE (20,0
% DVL, AILERON GAP (20,b}
A AILERON GAP (20,¢)
0005 ¥ CONTROL GAP Fig.28
[}
xu/ GAP SIZE
o ¥
0 2 4 6 8 Iher

Figure 27. Evaluation of drag due to control gaps.

(18) Icing experiments in wind tunnels:
a) Gerhardt-Hentrich, Yearbk D.Lufo 1940 p.L575.
b) Gray-Glahn, 65-212 Foil, NACA T.Note 2962.
(19) Engelhardt, Aerodynamic Laboratory TH Miinchen:
a) Drag of Chord-wise Wing Gaps, Rpt 1/1945.
b) Control Surface With Variable Gap, Rpt 3/1944.
(20) Control-gap statistics:
a) NACA Tech Rpts 664 and 677; also T.Rpt 938.
b) Doetsch-Kramer, Profile Drag, Lufo 1937 p.173.
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tion to the gap width. The gap-drag coeficient is
accordingly

C,. = between 0.02 and 0.03
Du

The lower value applies for the lower- or pressure
side of the airfoil section and for thinner sections;
the higher value is preferable for the upper- or suc-
tion side and for thicker sections. For example, for
a ratio e/c = 59, such as may be characteristic of
an average “‘open’-type control gap, a drag coeffi-
cient Cp, is found in figure 22 for a plane wall,
below 0.01. The reason why equation 15 gives much
higher values is believed to be in the interference
effect mentioned above.

CDS 0. 0""/-— O/ |
7
o /;/ 0010 |
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Figure 28. Section-drag coefficient of a horizontal tail sur-
face at zero lift, as a function of the trailing-edge thickness
of the stabilizer (19,b).

Positions of the Edges. Figure 28 shows how con-

siderably the drag of a control gap depends upon

the position of the two edges in relation to each

other. An elevator was attached to the model of a

stabilizer, the trailing edge of which was elastically

adjustable to various thicknesses (19,b) . By decreas-
ing this thickness, the profile drag of the tail surface
can be reduced to 769, of the original value (of
the configuration having a contour corresponding
to the 0012 airfoil section). In comparison to the

original gap drag, the reduction amounts to 859%,.

Similar tests (19,b), employing a thickened elevator,

show a corresponding, but somewhat smaller reduc-

tion of the drag. For explanation of the impressive
effect, it can be stated:

(a) By changing the position of the front edge as
described, the flow is directed against the round
nose of the elevator. Any separation of the flow
from the flanks of this elevator is subsequently
prevented.
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(b) Corresponding to the local curvature of the
streamlines, the velocity with which the flow
passes over the gap is somewhat decreased.

At any rate, the boundary-layer flow along the ele-

- . . (@) BASIC SHAPE

vator is obviously improved, and the pressure drag e ok i e

is considerably reduced, by changing the foil con- ¥ ’

tour as indicated.

0.005 ch = 0.014

" 0.009

(v) OPTINUN, PLOW DOWN

Flow Through the Gap. At lift coefficients different
from zero, a flow originates through the control gap
from the pressure to the suction side of the surface. —
The profile drag increases accordingly. It is possible, (o) ATIUON TRAG
however, to adjust the two stabilizer edges in such
a way that a flow through the gap is prevented. Drag

Cpg = 0-024
oo, 0-022

0.002

Figure 29. Section drag (by wake survey) of the tail

reduFtions similar to those at zero lift.can theg be surface as in figure 28, at C, = 0.4. (b) has
obtained as shown in figure 29 for a lift coefficient upper TE of stabilizer lowered, (c) has the
of C_=04. lower side displaced upward.

Interference in B’Layer. Coming to the end of this chapter on surface
imperfections, figure 30 presents a further example, showing that the
drag of protuberances within the boundary layer has characteristics
similar to those in free flow. A comparison of this illustration with
figure 1 in the “interference” chapter suggests that the second hexa-
gonal head is shielded by the first one. In closest position (at x/d = 0),
the drag is = 259, of that of two single heads. It should be noted,
however, that beyond x/d = 5, an interference effect is no longer no-
ticeable. This result too, is in agreement with experience in free flow.

[of
10 + =2 \
P / h® =025
P Ches = 0.6
/‘\. C
|

Figure 30. Interference effect between a pair of hexagonal bolt heads tested
within the boundary layer of a wall (12,b).
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CHAPTER VI — DRAG OF STREAMLINE SHAPES

The discovery of minimum fluid-dynamic drag in
slender shapes is evidently very old — as can be seen,
for instance, in the ships of the Egyptian Pharaohs.
Also Leonardo da Vinci has presented drawings of
what we now call “streamline” bodies. Extensive
experimental information has been accumulated in
our age regarding the aerodynamic characteristics
of such shapes, particularly of airfoil sections. Ad-
vances in their mathematical treatment have evi-
dently not reduced experimental efforts in modern,
large and expensive installations to confirm theo-
retical predictions and to obtain information in con-
ditions where theory does not apply.

Shape Parameters. Streamline shapes are classified
by their thickness ratio t/c (or d/1 respectively)
the location of maximum thickness x/c (or x/1),
the distribution of thickness along chord ¢ or length
1 (including leading-edge radius and trailing-edge
angle), and in wing sections by shape and ampli-
tude of their camber (f/c). In a statistical interpre-
tation of the available experimental material, ap-
proximate functions (1) are presented in the fol-

LAMINAR SEPARATION (EQU. 2)

lowing sections, indicating the profile drag of airfoil
and strut sections, and the drag of three-dimensional
streamline bodies as a function of their thickness
or fineness ratio, respectively.

A. DRAG OF WING- AND STRUT SECTIONS

Thousands of wing- and similar sections have been
tested within the last = 50 years, primarily in wind
tunnels. Two aspects predominate in their develop-
ment; one is the influence of Reynolds number,
the other one is the shape most suitable for particu-
lar applications. — The “viscous” or “parasite” drag
of wings is usually called “profile” drag. To get
away from the subscript “p” which is likely to be
confused with the “p” in “pressure”, an attempt
is made in this book, to substitute “s” from “sec-
tion”. We will, therefore, find “Cps’ = Ds/qS, de-
noting the ‘“section” drag coefficient of airfoils and
struts (based on “wing” area b times c).

Figure 1. Variation of section-drag coefficient for 259,
thick symmetrical sections, including the criti-
cal Reynolds number range; no corrections.
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1. DRAG AS A FUNCTION OF R'NUMBER

Turbulence. Within the range of small lift coeffi-
cients, the drag of airfoil sections is predominantly
frictional. Skin-riction drag is very much a func-
tion of transition from laminar to turbulent bound-
ary-layer flow, as explained in the “skin-friction”
chapter. Results at higher Reynolds numbers are
now available from modern low-turbulence wind
tunnels (7). Most of the experimental points at
lower R'numbers, as plotted in figure 2, have been
collected, however, from earlier tests in rather tur-
bulent wind tunnels. Figure 1 presents as an exam-
ple, results for several = 259, thick sections. The
general trend of the drag coefficient is to reduce
from the level of laminar separation below R, = 10
or 10% (in the order of Cpg = 0.1 or Cy = 0.4)
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to the fully turbulent condition beyond R, == 107
(in the order of Cpg = 0.01 or Cp, = 0.04). This
transition over an interval between 10*or 10°and
106, 107 or even 108 — can take various ways.

(a) Wind-tunnel stream turbulebpce produces early
and flat transition. At R. = 107, variation of the
drag coefficient due to turbulence, can be in the
ratioof 3 to 1.

(b) The earlier the transition takes place, the sooner
the drag coefficient assumes the fully turbulent
characteristics.

(c) In low-turbulence streams and in suitable sec-
tion shapes, the boundary-layer flow along the fore-
body remains laminar and the drag coefhicient is
comparatively low, to high Reynolds numbers.
At Reynolds numbers above the critical drop of the
drag coeflicient, most of the results in figure 2 have
been corrected using the method as recommended
in (2,a). The so-called turbulence factors “f’ =
Reffect/Riest applied in figure2 , are consid-
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e NACA-ELLIPTICAL 200 1 5,b
o VARI'S CYLINDERS 100 1 il
. . . . « o 0 DITTO C 1 .
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erably higher, however, than quoted in (2,a) .
They correspond to figure 9 in the “friction” chap-
ter. At R’'numbers below the critical drop, a tur-
bulence correction is not needed. The Reynolds
number range in which the drop takes place has
been shifted, however, in figure 1 in proportion to
“f” factors as listed. It would be better, of course,
to have experimental data obtained in turbulence-
free flow. Applying, however, the corrections men-
tioned, it is possible to give approximate informa-
tion on shapes and at Reynolds numbers not
available otherwise. It is nevertheless possible, that
certain section shapes would have basically different
transition if tested in a turbulence-free stream.

(1) Statistical interpretation of foil-section drag:
a) Hoerner, Streamline Shapes, Ybk D.Lu 1942 p. 374.
b) Method of using mean-average values for the dy-
namic pressure, stems from Weinig (Ybk STG 1937),
¢) Scholz, Slender Shapes, Yearb’k STG 1951 p.244.
(2) Section-drag corrections (wing-tip drag):
a) Regarding wing-tip and turbulence-correction, see
NACGA T.Rpt 586 and the Appendix of T.Rpt 669.
b) Hoerner, Drag of Lateral Edges, Doct ZWB UM
7815 (1943); see Wing Tip Shape, USAF T.Rpt 5752.
¢) British ARC, RM’s 1870, 2110 and 2584.
d) 0009 to 0035 Airfoils, NACA T.Rpts 431, 647, 708.
€) Doetsch, Foils in DVL Wind Tunnel, Lufo 1937.
(8) Sections with maximum thickness at = 309, of chord:
a) Fage-Falkner-Walker, Experimental Investigation
of Symmetrical Joukowsky Sections, ARC RM 1241,
b) AVA Gottingen Experiments on Joukowsky Sec-
tions, Ergebnisse Vol 1II (1926) and Vol 1V (1932).
¢) 0012 and Other Airfoil Sections (Smooth and
Rough) in CAT, ARC RM’s 1708 and 1789 (1936/37) .
d) DVL Tests, Doct ZWB FB 642 and Lufo 1937.
e) Sections 0015, 0030 and Others in Compressed-Air
Tunnel, ARC RM 1804 (1937) and 2584 (1952).
f) Symmetrical Sections in Full Scale Tunnel, NACA
T.Rpts 647 (0009, 12, 18) and 708 (0025 and 0035).
g) 4-Digit Series Modifications, NACA TN 1591.
h) NACA at small Reynolds numbers, T.Rpt 58.
i) Foils in DVL High Speed Tunnel, ZWB FB 1490.
k) AVA, Foil Sections, Erg Gottingen III (1926) p.87.
1) 4-Digit Sections in VDT, NACA TN 364 and 457.
m) Locke, 0012 and 4415 in Stevens Towing Tank,
ETT Memo 42 (1939) and Rpt dated 15 Sept 1939.
n) Jacobs-Pinkerton-Greenberg;  Airfoils Having
Camber Far Forward, NACA T.Rpts 537 and 610.
o) Joukowsky Sections, ARC RM’s 1970 and 2110.
p) ARC, Flight Tests on Several Sections, RM 1826.
(4) Experimental results of strut sections:

a) AVA, Tech Ber. Flugzeugmst. I (1917) and II.

b) Hartshorn, Seven Strut Shapes, ARC RM 1327.
¢) CAHI (Moscow) Rpt 33 (1928).

d) Jacobs, Drag of Streamline Wires, NACA TN 480.
€) ARC, Resistance of Strut Sections, RM 1599.
f) Hoerner, Fieseler Water Tunnel Rpts 2 and 5.
g) Williams-Brown, Thick Sections, ARC RM 2457.

h) Struts at subcritical R'numbers, ARC RM 890.
i) Eiffel,'Nouvelles Recherches' Paris 1914 and 1919.

k) Kohler, Drag in Strut Junctures, Lufo 1938 p.143.

1) Maxen, Strut Junctures, Ybk D.Lufo 1940 p.1,599.

m) Struts at Low R’numbers; ARC RM 49, RM 256.
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Their drag coefficient may, for instance, drop sud-
denly, possibly involving a hysteresis on increasing
or decreasing the speed, respectively.

Reynolds Number Phases. Figure 2 contains more
information on small Reynolds numbers and thick
(bluff) sections (subject of Chapter III) — than on
streamline shapes at higher Reynolds numbers.
Characteristics become more evident, however, in a
combined presentation. — As a function of Reynolds
number, several phases can be recognized in figure 2.

(a) Below R =~ 105, there is the region with com-
pletely laminar boundary-layer flow. Sections with
intermediate and higher thickness ratios show high
drag coefficients, owing to separation of the flow
from their rear.

(b) In the range between R & 5-10% and = 5 105:
the sections show a critical decrease of their drag
coefficient, caused by transition from laminar to
turbulent boundary-layer flow (see in Chapter I1I) ;
in thicker sections, the coefficient drops to 1/3 or
even to 1/10 of the level below the critical Rey-
nolds number. The critical R’number (based on
chord length c) is seen decreasing from near l()(’
for an elliptical section with t/c = 2, to around 10°
for slender streamline shapes.

(c) For some interval of Reynolds number above
the critical drop, the transition point of the bound-
ary layer seems to be comparatively fixed (by the
pressure minimum) . With laminar flow along the
forebody, the drag coefficient varies essentially in
proportion to the laminar skin-friction drag co-
efficient.

(d) Another critical phase follows then (in the
vicinity of R,= 10"). Here, the transition point
moves steadily ahead, thus causing the drag coefh-
cient to grow again, in a manner similar to that of
the skin friction drag coefficient as presented in
Chapter II.

(e) Only well beyond RC=107, terminal conditions
are obtained at last (in the non-laminar type of
sections plotted) . Here, practically all of the b’layer
flow is turbulent, and the section drag coefficient is
proportional to the turbulent skin-friction drag co-
efficient. This condition is also obtained at con-
siderably smaller R’numbers (106) in very turbu-
lent wind-tunnels and /or by surface roughness.

The last two phases are the usual field of practical
application in airplane wings. The importance of
larger wind-tunnel facilities is thus apparent. Many
of the early investigations have been carried out
within the critical R’'number range. Stream turbu-
lence (reducing the critical Reynolds number)
helps, however, in obtaining supercritical, if only
qualitative results in small and inexpensive wind
tunnels.
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2. AS A FUNCTION OF THICKNESS RATIO

The “sectional” drag of a thin plate, exposed on
both sides to a tangential flow, is Cps = 2 Cy, with
C, = proper skin-friction drag coefficient as treated
in Chapter 1I. The drag of thin airfoil sections is
somewhat higher than this lower limit.

Wing-Tip Drag. Rectangular wing models, used for
many years in wind-tunnel investigations of airfoil
sections, are often made with square or blunt lat-
eral edges. To obtain the section drag, not only
the induced but also the parasitic drag originating
at the ends must be subtracted from the readings
of the wind-tunnel balance (see for example in
reference 2,a). The wing-tip drag is obviously a
function of the profile dimensions at the tips. The
coefficient of this drag component is, therefore,
based on the “tip area” (c; ) Various investiga-
tions of wing models concurrently tested with
rounded and with blunt lateral edges, have been
evaluated. Results have also been obtained by com-
paring force tests (with blunt ends) to wake-survey
results. For lift coefficients equal to or close to zero,
figure 3 approximately indicates

C. = (@D, 2 edges)/(q c?) = 0.15 (t/c)2 1

De

Referring the coefficient to the “frontal” area (3)
of the tips, the constant value Cpt = 0.15 is found
for a pair of blunt wing ends. Their drag is similar
in nature to that of the bodies in figure 21 of the
“pressure-drag” chapter. Equation 1 has been used
to correct the experimental results plotted in fig-
ure 2; as far as they were obtained from force read-
ings on blunt-ended rectangular wings.
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Figure 3. Parasite drag due to square or blunt lateral
edges of rectangular wing models, at = zero lift. Reynolds
numbers R above 10
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Faired Edges. A systematic investigation of the
characteristics of wing tips (lateral edges) is re-
ported in (2,b). Among the tip forms from this
source (illustrated in Chapter VII), the numbers
2 and 5, having favorable shapes, show ‘“‘negative”
tip-drag values in the vicinity of C| = 0. This
means, that the parasitic drag of the wing including
the two tips, is somewhat lower than the two-dimen-
sional section drag — evidently because of three-
dimensional flow conditions around the edges. With
C_ close to zero, a pair of these wing tips presents
a parasitic drag coefficient in the order of

-+ 0.11 with blunt edges, number 1
— 0.04 with round edges, number 2
— 0.03 with sharp edges, number 5

CDto

[

Results on a 309, thick rectangular model wmg are
reported in (2,c) . For example at R, = 5 10° the
total parasitic drag coefficient on wing area for as-
pect ratio A = 6, is found to be approximately

Cps = 0.0143 with blunt wing tips
— 0.0118 with well-rounded edges
= 0.0125 tested by wake survey
Here again, the rounded ends obviously present a

negative drag dlﬁerentlal in the order of Cpy =
(0.0118 — 0.0125) 6/0. 8* = — 0.047. In conclusion,
it appears possible that the drag of a wing with
finite span is smaller than in two dimensions.

FOLL AND STRUT SECTIONS:,
s FACA (3,h 10
v ATV A 1,0 2 10}
W ARC 4,m) 510}
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% K0 + MA (4,k1) 5 10
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© NACA (5,0 110 .
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/‘ G = 0.0077
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5
ol v Copress. = (T
+
v'-%‘
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0 ol 02 0.3 o!l- 0.5 06

Figure 4. Drag coefficient of streamline and elliptical sec-
tions (at = zero lift) at subcritical R’numbers.

Low Reynolds Numbers. Streamline wires and com-
pression struts (sections of which are listed in figure
9) are often used in the range of comparatively low
Reynolds numbers. As explained in the “pressure-
drag” chapter, laminar separation takes place in this
phase; and the drag is predominantly due to pres- -
sure differentials. The experimental results of
streamline (and some elliptical) sections at R be-
tween (1 and 5) 10% as plotted in figure 4, can be
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interpreted b t
P Yo =2 Cell + 2) + (t/ef

Cp, = 2Cp(c/t) +2Cc + (t/o)  (2)

The last term represents the pressure drag as de-
scribed above. For larger thickness ratios, this term
becomes predominant; and that is the reason why
in figure 1 such sections show apparently constant
drag coefficients between R, &= 107 and 10° It is
suggested that neither the conventional streamline
shapes nor the elliptical sections are optimum in
this R'number phase. More efficient shapes might
be developed, whenever worth-while applications
should arise.

Optimum Wire Shape. Referring the drag coefh-
cient (equation 2) to the area (b\/t c), as explained
later in the text, a function is obtained that per-
mits to optimize the thickness- or fineness ratio of
“streamlined” tension wires:

Cper= 2 CpVED + 2 Co/o® (1162 3

For example, for R, = l()lf', where for laminar b’layer
C¥= 0.0133, differentiation of this equation leads
to an optimum thickness ratio of t/c in the order

of 9.

The Critical Reynolds Number is a function of
maximum-thickness location x/c. Several strut sec-
tions, for example, with t/c = 259, have been tested
(4,d) in a turbulent wind tunnel. The critical num-
ber (defined for 1/2 of the decrement of the drag
coefficient) is

Rigit = 11'104 for x/c = 509
= 7 10‘; — 409
= 310 — 309,

two of these sections are represented in figure 2.
Location and value of the pressure minimum are
evidently responsible for the variation of the criti-
cal R'number. By the same reason, the 409, thick
elliptical section (5,g) in figure 2, should have a
critical number appreciably higher than plotted.

(5) Experimental Results on elliptical sections:

a) Dryden, Cylinders in Wind, BOS J.Res.Pap.221.
b) Delany, Blunt Shapes, NACA T.Note 3038.

©) Jacobs, Drag of Streamline Wires, NACA TN 480.
d) Lindsey, Simple-Shape Cylinders, NACA TR 619.
€) Pechstein, Cylinder in Wind, Zts.VDI 1942 p.22.
f) Hoerner, Fiescler Wasserkanal Report 5 (1938).
8) NACA, Elliptical Sections, Note 279 and Rpt 289.
h) AVA Géttingen, Ergeb I1 (1923) and III (1926 .
i) Eiffel, Nouvelles Rech Résistance, Paris 1914.

k) Betz, lenticular “wires”, Durand IV p-148.
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It is only to hll the illustration, that the drag co-
efficient of this section has been plotted using a tur-
bulence factor f = 1. — Note, that there are results
on strut sections available, obtained in turbulent
tunnels, showing supercritical drag coefficients at R
i the vicinity of 2 107, Values are still compara-
tively high, however, because of the magnitude of
the skin friction coefficients involved (Copyep, =~
0.006 and CH.a = (.003). Such sources are, for

m

cxample, (8,a) (4,d) and (5.).

Skin-Friction Drag. Because of thickness (displace-
ment), the mean-average velocity around a sym-
metrical foil section is higher than that of the un-
disturbed flow, even at zero lift. The supervelocity
AV and the corresponding increment of the dy-
namic pressure (Aq) increase roughly in propor-
tion to the thickness ratio t/c. For sections with
maximum thickness located at or near 309, of the
chord, the differentials are approximately
Av t AC,, Aq t
—— = —; and = —=2 - 4)
v c 2 C{; q c

This function basically agrees with theoretical
analyses (8); and it is substantiated by experimen-
tal results (figure 5). The skin-friction drag also
depends, of course, on the location of the boundary
layer’s transition point on section chord. It appears,
however, that in the range between R_ = 10“and
107, transition on foil sections with maximum thick-
ness at x/c = 309, is governed by the location of
the minimum-pressure point rather than by thick-
ness ratio. In other words, in this type of sections,

WITH TURBULENT BL AT R. = (I TOB)‘IOb:
v ARC----- (BLUNT WING TIPS CORRECTED)-------- (4,e)
A NACA oo o.ni230 — Sections-cemnen
X NACA------ WITH TURBULENCE STIMULATION ---(7 )
AT H I G H E R REYNOLDS NUMBERS, R, = (3 TO 7)-10%:
- ARC------- IN COMPRESSED AIR TUNNEL---- - - {3,e}
a4 HOERNER TER TUNNEL - ----.- (4,6
t ARC-----. IN COMPRESSED AIR TUNNEL - - - - - {3,0)
Q DVL--~IN LARGER WIND TUNNEL----@d
INLOW — TURBULENCEFLOW; (5 TO 8 IO":
+ NACA - IN LOW — TURBULENCE TUNNEL - (7 )
¥V ARC----FLIGHT WAKE SURVEY - - - - - - (3p}
© NACA --~IN FULL — SCALE TUNNEL --- -0
AT L OW REYNOLDS NUMBER OF R, — 6 - 105 H
® ARC ----JOUKOWSKY SECTIONS - - - - (3,a)
/Y
0025 ”
G d
s //
020 4 7/
o015
-0lg
005
FRICTION
- \O
THICKNESS RATIO (£/c)%
0 +
0 s lo 15 20 25 30 35 ko

Figure 5. Profile drag coefficient of wing- and strut sec-
tions, at higher Reynolds numbers; equation 6.
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the location of the transition point is comparatively
independent of thickness ratio. The value of Cg¢to
be used in equation 4, should, of course, be that
of a thin plate having the same location of the
transition point.

Pressure Drag. In addition to the friction drag, there
is also a certain pressure- or separation-drag com-
ponent, originating along the afterbody of foil- and
strut sections against the pressure gradient. This
component is not included in the theoretical studies
(8) . Analyzing available experimental results of
airfoil sections with x/c = 309, as plotted in figure
5, this drag component can be interpolated by

Cppe / (2G¢) = 60 /o (5)

In this equation, (t/c)l represents the frontal area
on which the pressure is acting; and (t/c)” repre-
sents the effect of the adverse pressure gradient along
the rear of the section. The pressure or separation
drag is assumed to be proportional to the friction
drag Cp (along the forebody). The total “viscous”
or profile drag of these sections is obtained by add-
ing equations 4 and 5:

t

Ge/@Cp =14+25 +e0S | @

Thickness Location. Laminar profiles, that is, sec-
tions with the maximum thickness located at 40 or
509, -of the chord, have a lower supervelocity ratio
than the ‘‘conventional” sections considered so far.
The second term of equation 6 is, therefore, re-
duced in magnitude. The experimental points in
figure 6 on “64” and “65” series sections with tran-
sition fixed by means of sand strips, are best inter-
polated by

b

Cos/ 2Cp = 1+ 125 470 )
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Figure 6. Profile-drag coefficient of laminar-type sections
(with maximum thickness at or near 409, of the chord)
as a function of thickness ratio (6).
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Note that in these sections the value of Cg corre-
sponding to t/c — 0, is higher than the turbulent
skin friction drag coefficient. The sand strips ob-
viously have some pressure drag of their own.

Laminar Profiles. Equation 7 does not agree, how-
ever, with smooth-surface laminar-type sections
whose drag coefficients are plotted in the lower part
of figure 6. In these sections, two effects are fighting
each other with respect to drag; that of laminariza-
tion and the boundary-layer accumulation or sepa-
ration near the trailing edge. The third term of the
equation represents a penalty in this respect, to be
paid to obtain laminarization. In the 64 and 65
series sections, -this term is approximately twice as
high as that in equation 6 which applies for sections
with x/c = 3809,. Approximately at x/c = 50%,
minimum drag is obtained (in conventional thick-
ness ratios and at the R'numbers tested). Beyond
this location, pressure and separation drag increase
as a function of the wedge angle at the trailing edge.
Because of the sensitivity of the boungary layer, the
drag coefficient of laminar-type sections shows cer-
tain humps and hollows as against thickness ratio.
A hollow exists, for example, around t/c = 159,
in the “64” series at R = 6 10". The hollow is a
function of Reynolds number too. As a consequence
of such complex combination of effects, for example,
the section 63-0018 exhibits a drag coefficient (at
Re=25 107) that is lower than those of thinner
sections. As indicated in figure 6, the drag of all

t/c = 37% WITHOUT TURBULENCE FROM FIGURE 1
37 % STRUT SECTION IN WATER TUNNEL (9,e)
DITTO WITH k/c = 3/1000 AND = 11/1000 (9,e)
vee SNOOTH 0012 WITHOUT STREAM TURBULENCE PIG.1
SMOOTH 0072 SECTION IN WATER TUNREL  (9,e)
0012 WITH ROUGHNESS k/o = 1.5/1000 (9ye)
DITTO 0012 WITH GRAIN SIZE 2.8/1000 (9,e)
SMOOTH 0012 WITH PORCED TURBULENCE _ (9,h)
0012 WITH k/o = (2.2; 643 20) 10™> (9,h)
0012 WITH ROUGHNESS k/o = 1.2 10~% (9,g)
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Figure 7. Drag coefficients (at zero lift) of various sym-

metrical sections having various degrees of surface rough-
ness (9); no corrections applied.
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these sections increases, of course, to that of the
thin and flat plate (which does not have laminari-
zation due to shape), as t/c approaches zero. At any
rate, equation 6 cannot very well be used for pre-
dicting the drag of laminar-type foil sections with
undisturbed boundary layer flow. Unfortunately,
such disturbances are easily produced by dust, mud,
insects, imperfections, lateral wing edges (if any),
fuselage- or nacelle walls, by the propeller slip stream
(if any) and finally by mechanical vibrations (see
in the “skin-friction” chapter).

Surface Roughness. Putting into equations 6 or 7
for Cg the proper skin-drag coefficient, as found in
the “imperfections” chapter, the profile drag of
wing- or strut sections with surface roughness is
readily obtained. Available experimental data are
plotted in figure 7 against Reynolds number. As
explained in Chapter V, the coefficients of rough
sections diverge from those of smooth ones at cer-
tain critical R’numbers. Terminal drag coefficients
have been taken from figure 7 (extrapolated where
necessary) and plotted in figure 8 together with
other results. As a function of grain-size ratio k1),
the drag coefficients evidently have the same trend
as the thin plate, whose coefficient was taken from
the “imperfections” chapter as Cpg = 2G;. Except
for 0012 (9,a), the agreement with equation 6 is
good, even at a thickness ratio of 879,

(6) Experimental results laminar-type foil sections:
a) A series of unpublished NACA reports between
1939 and 1945, summarized in T.Rpt 824 (7).
b) Loftin, Sections w'out cusp, NACA T.Rpt 903.
©) NACA, Circular-Arc Foils, Tech Rpt 1146 (1958).
d) Loftin-Smith, 15 Sections,; NACA Note 1945.
€) Benson-Land-Havens, Testing Strut Sections in
Towing Tank, NACA Memo Rpt for Navy Bu'Ships.
f) DVL, In Large Wind Tunnel, ZWB FB 1621.
g8) NACA, Sections to R, = 2.5 10] Tech Rpt 964.
(7) Abbott-Doenhoff-Stivers, Summary of Airfoil Data,
NACA Tech Rpt 824 (1945) ; also McGraw-Hill 1949,
(8) Theoretical calculation of profile drag:
a) Squire-Young, Profile Drag, ARC RM 1838 (1937).
b) Pretsch, in Yearbk D.Lufo 1938 p.I,60.
¢} Fedjajewsky and Go, Techn.Wosd.Flota July 1940.
(9) Experimental results on surface roughness in foils:
a) D.Vers.Anst.Luftf., German Doct ZWB FB 642.
b) NACA, Technical Notes 364 and 457 (1945).
c) Jones and Williams, Roughness on 0012 and Other
Airfoils in CAT, ARC RM 1708 (1936) and 1804.
d) Schrenk, Momentum Method in Flight, Lufo 1929.
€) Hoerner, 0012 and Strut, Fieseler Rpts 2 and 5.
g) Relf, 0012 and other Sections, ARC RM 1706
(1936) and 1789 (1937); also Aircraft Eng’g 1936
h) Young, 0012 Section, J.R.Aeron’l Soc. 1950 p.534.
i) Fage and Warsap, Turbulence and Roughness on
Cylinders, ARC RM 1288 (1929). Grain sizes meas-
ured by this author from samples of the NPL.
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Figure 8. Terminal drag coefficients of streamline and of
other shapes as a function of roughness.

3. APPLICATIONS OF STREAMLINE
SECTIONS.

To indicate (roughly, by order of magnitude) Rey-
nolds number ranges for various engineering and
other applications of streamline sections, tabulations
A and B have been prepared.

APPLICATION %inch Ve4/a00 B,

AVERAGE BUPTERPIY (§) 1 1 5 102
ZANOXIA  SEED 2 2 2 103
INDOOR AIRPLARE MODEL 3 3 1 104
SMALL BIRDS 2 20 2 10t
SEAGULL (WING CHORD) 6 20 6 104
FREE-PLYING APL MODEL 6 30 1 10%
HOUSEHOLD P A ¥ (§) 4 50 110°
ALBATROS BIRD 8 50 2 10%

TABLE A. Reynolds numbers in various small-size applica-
tions. (§) Speed is resultant, wing against air.

Streamline Shapes, suitable at larger Reynolds num-
bers for application to airplane wings, tail surfaces,
and as struts or fairings, have been developed first
by empirical means and more recently on the basis
of theoretical analysis (of their pressure distribu-
tion) . Figure 9 displays various typical streamline
shapes, arbitrarily blown up to a thickness ratio of
t/c = 409, to show more clearly their characteris-
tics. Among these, (c) gives a simple geometrical
method of construction. Ordinates of other section
types are found in the references listed (3 to 7).
Streamline shapes are generally “fine” and tapered
in the afterbody to avoid flow separation. In the
forebody, certain marine applications still prefer
a sharp (pointed) shape, while in aviation more or
less rounded leading edges have been found to be
most favorable with regard to the variable angle
of attack (and lift) of wings and other applications.
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APPLICATION S 2y Vinots Re

ATRCRAPT S T R U T 0.5 100 5 10°
SATLBOAT S A I L 10 10 1 108
AVERAGE  SATLPLANE 4 80 3 108
PERSONAT ATRPIANE 5 100 5 108
AVG PIGHTER ATRPLARE 6 500 3 107
COMMERCIAL ATRPLANE 13 300 4107
AVERAGE BOMBER WING 12 400 5 107
WATER-TURBINE BLADE (+) 3 15 6 105
SHIP, STRUT in VATER 1 23 3 108
FOIL OF HYDROFOIL BOAT 2 40 1107
SHIP-PROPELLER BLADE +) 4 25 2 107

TABLE B. Average Reynolds numbers (on chord length)
in various engineering applications. (+) Speed is mean
resultant value between blade and fluid.

Section Families. Several more or less systematic
series of section shapes have been developed and
tested. The more interesting or important ones are
as follows:

(@) The wing sections developed by Eiffel (5,i)
and at Gottingen (4,a) in the first decade of this
century, were thin, sharp-nosed and cambered. They
are completely obsolete now as far as airplane wings
are concerned. They seem to be suitable, however,
at Reynolds numbers below 10° (in small birds and
in insects) .

(b) Round-nosed sections with maximum thick-
ness in the vicinity of 309, of the chord, were next
developed in Gottingen (3,k) (for example No.
535, which is a famous sailplane shape), by the
NACA (for example “Clark Y”) and by the British
ARC (for example “RAF-34", reference 3,c).

(c) The first mathematically defined shape was
that of the so-called Joukowski sections (figure 9,a)
extensively tested in Géttingen (3,b). Their maxi-
mum thickness is slightly ahead of 0.3 c; their tail
is cusped.

(d) The first realistic family of airfoil sections is
the 4-digit series of the NACA (3,fand 1) (7) with
maximum thickness at 309, of the chord (figure
9,b) . An example of this series is

2412 thickness t/c = 129
camber location at 0.4 chord
camber = 29, of chord

Modifications of this series are investigated in (3,g) .

The 5-digit series (16, g) developed for reduced
longitudinal moment (for example “23012”) has
the same thickness distribution as the 4-digit series.

(¢) The NACA 6-series sections (see figure 9,e)
with systematic variations of thickness distribution
along chord (7), have been developed for favorable
pressure gradients. They have partly laminar bound-
ary layer flow (low section drag coefficients) ; and
they are suitable for applications at higher speeds.

FLUID-DYNAMIC DRAG

An example is

6 4 — 2 12 thickness ratio t/c = 129,
l de51gn lift coeflicient = 0.2
location of minimum pressure at 0.4 ¢

NACA series number of this type

Reference (6,b) proves, however, that the usually
cusped shape of this series is not really important
with respect to section drag.

(f) The German classification system also indicates
variation of the nose radius. An example is
2 30 12 — 1.1 40 thickness at 40%, c
I | nose radius r/c == 1.1 (t/cf
thickness ratio t/c = 129,
location of camber at 309, chord
camber ratio f/c = 29
A similar system is occasionally used in British pub-

lications, also indicating the main section-shape
parameters.

Foil shapes suitable for transonic and supersonic
applications are shown in the respective chapters.

AIR FLOW

A) JOUKOWSKY SECTION; WITH
THIN TRAILING EDGE.

B) NACA SHAPE REPRESENTING
MANY AIRFOIL SECTIONS,

C)_GEOMETRICAL CONSTRUC-
TION OF “STREAMLINE" SHAPE.

D) STRUT SECTION, OR SHAPE OF
STREAMLINE TUBING.

E) NACA 64-SERIES, DESIGNED
FOR LAMINARIZATION.

F} EXTREME LAMINAR-FLOW
TYPE FOIL SECTION.

Figure 9. Streamline section shapes, having t/c = 409,
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Wing Sections. Streamline sections have various en-
gineering applications. Depending upon applica-
tion, various reference areas can be selected for the
drag coefficient. For wings and tail surfaces, the
plan-form area (leading to Cp or Cpg) is most suit-
able. For other purposes, reference areas and coefhi-
cients are preferable as listed in table C.

TYPE OF APPLICATION | REFERENCE A R E A COEFP | B =V ofy
¥ING OR TAIL SURPACES { "W I N G* AREA S =D o | Cp 106 10 108
FAIRINGS (OR STRUTS) | FRONTALAREA S, =+ b | ¢y, 10° 10 107
TENSION WIRES | CROSS-SECTIONAL b V% ¢ Cpor | 10 70 102
COMPRESSION ~STRUTS | "INERTIA" AREA bAGE® | opy 10% o 10

TABLE C. Reference areas and R’numbers of wing-, wire-
and strut sections, with regard to their application.

Fairings. In the case of fairings put around a given
bluff cross section to reduce its drag, section thick-
ness is significant. By multiplying equation 6 with
2 c/t, the coeflicient Cp., based on maximum cross-
section or frontal area is obtained:

Cp/Cp =4 + 2 -;- + 120 (é)3 (8)

Contrary to the coefficient on plan-form area, this
one has a minimum as shown in figure 10. The opti-
mum length ratio of fairings put around two-dimen-
sional obstacles is ¢/t = 8.7; the corresponding
thickness ratio is t/c = 279,. A plot of equation 8
1s repeated in figure 11 together with other defini-
tions of the drag coeflicient. — To demonstrate the
impressive reduction of drag due to streamlining,
figure 12 shows a streamline section having the same
drag as the much smaller two-dimensional shapes
of a plate and a circular cylinder (at supercritical
Reynolds number) . The drag ratios are in the order
of 1 to 50 and 1 to 10, respectively.
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Tension Wires. Because of the load they have to
carry, the cross-section area is important for stream-
line wires. To find their optimum shape, the drag
coeflicient is, therefore, based on the area Scross =
bVtc. By multiplying equation 6 with 2V/c/t, the
“cross-section coefficient” is found to be

e Vo t Y t 7
CoudCp = 2 () + 4(0)° + 1205 (9)

Minimum drag in this case is obtained-at t/c = 0.19
or ¢/t = 5.3, as illustrated in figure 11. However,
wires may be used in applications below the critical
Reynolds number (see in table C) . Equation 3 then
leads to a much smaller optimum thickness ratio.
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Figure 11. Drag ratios of symmetrical sections, for various

practical purposes for which they may be used.

Figure 10. Profile drag coefficients of symmetrical wing-
and strut sections, based on frontal area, as a
function of chord/thickness ratio.
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Figure 12. Two-dimensional bodies of equal fluid-dynamic
drag; optimum streamlme or falrmg section, at Reynolds
numbers between 10° and 107, in comparison to circular
cylinder and two-dimensional plate.

Compression Struts. Struts carrying longitudinal
pressure loads must be designed so that they do not
buckle. The moment of inertia of their cross-section
area is to be considered, therefore, in selecting a
basis for their drag coefficient. The term b VI can
be used as area, with “I” indicating the moment
of inertia about the longitudinal section axis. Since
for solid sectlons, this moment is I ~ (c &), the
area §; = b /< @ shall be used. The correspondmg
drag coefficient, derived from equation 6, is

i
Cpr/Ce = 2" + 2 4 120y
(10)

The optimum thickness ratio in this definition is
in the vicinity of t /c = 239,. However, for consider-
ation of their weight, struts are often made hollow;
just tubes are often employed, pressed into a more
or less streamline form. Assuming the wall thick-
ness of the tubing to be proportional to the chord
c, the same equation (number 9) is obtained as
for tension wires. Assuming, however, the wall thick-
ness of the tubing to be proportional to the section
thickness t, equation 10 is found again. Actually
constructed streamline tubes are probably in be-
tween the two cases. Their optimum thickness ratio
is accordingly between 18 and 239,.

F unctiméz’ of Reynolds Number. At R’'numbers above
R = 107, the optimum ratios can be considered to
be constant. For subcritical numbers, well below

———.— EQUATION (1)
. SXt FIGURE 2

ok \\ (%)OP{L
03 \

| l l
N\ I _—
.
0.2 \ '/
N j
\.
0.1 \.’T -
S~
Rcs VC/V
0 4
e 100 10t 105 w0 1w ot 10

Figure 138. Optimum thickness ratio of fairings (with re-

gard to (L ). as a function of R’number.
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Re = 105, differentiation of equation 2 leads to the
optimum thickness ratio with respect to frontal area
and Cp,of

(t/S) = 168/ (R it

This ratio is plotted in figure 13 as a function of
Reynolds number. Below the critical R’number
range, the optimum ratio drops to a minimum of
= 119,. Optimum values for other applications, as
treated above, have the same trends against Rey-
nolds number. A very minimum value is reached
by the tenswn wire with t/c == 59, in the vicinity
of R,=8 10%

B. SECTION DRAG AS A FUNCTION
OF LIFT

Critical Reynolds Number. The range of low, sub-
critical R’'numbers does not have much engineering
application, not in airplane wings to be sure. Only
in toy-size free-ﬂying airplane models, Reynolds
numbers (on wing chord c) can be expected in
the order of R = 10% And it is for such applica-
tion, that a number of foil sections has been tested
(10,a) . Figure 14 shows the variation of drag- and
lift coefficient of a wing model, at fixed angle of
attack, as a function of Reynolds number. The wing
goes through a critical R'number range in which
laminar flow separation from the upper side sud-
denly disappears. As a consequence, lift increases
considerably, and the parasitic or section drag (ob-
tamed after subtracting the induced drag Cp; =

C2/mA) decreases correspondingly. The critical
Reynolds number is a function of section shape,
lift coefficient, turbulence and so on. The flow
mechanism in passing through the critical phase, is
basically the same as that of the circular cylinder
(and of other “round” shapes) as described in the
“pressure-drag” chapter.

Insects and Birds. Figure 14 also demonstrates that
a sharp-nosed foil section (such as a thin plate)
does not exhibit a critical variation of flow pattern
and forces. This is evidently the reason why insects,
operating at very low Reynolds numbers, do not .
have streamline shapes in their wings (10,b) . Larger
b1rds, however, operating at R'numbers R above
10° (such as buzzard and albatross, for example) do
have round-nosed (and cambered) wing sections.
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Higher R’numbers. At lift coefficients different from
zero, the average flow velocity is increased at the
upper side of a wing, and it is correspondingly
decreased at the lower side. The viscous drag origi-
nating on the upper side is consequently higher
than that on the lower side. This variation of sec-
tion drag due to lift can be estimated by applying
the same principles as used above in the description
of drag due to thickness. The drag is divided into
two components. The drag of the upper side is simi-
lar to that of half a profile with higher thickness
ratio, and that of the lower side corresponds to halt
a section with lower thickness ratio.

Circulation. From the circulation around a foil
section

I = [wdx =1, 2% =05CVec (s

follows the average circulation velocity

Wav /V = C /4 (13)

(10) Foil Sections at subcritical Reynolds numbers:
a) Schmitz, Aerodynamics of Models, Berlin 1942.
b) Kuechemann and Holst, On Aerodynamics of Fly-
ing Animals, Luftwissen 1941 p.277.
c) See (3,lm), (4,adhim) and (5bdgik).
(11) As a function of lift, usually by wake survey:
a) German flight test results, Yearb’k D.Lufo 1941
p.L111 (FB 1456), and Lufo 1929 Issue No. 1.
b) NACA, Wake Survey Results, T.Rpts 660 and 667.
¢) Results, ZWB FM 1576 (Kramer) and 1621.
d) Flight Tests on Foil Section Drag, ARC RM 1688.
e) Flight Tests by GALCIT, J.Aeron’l Sci. 1940 p.425.
f) See results in reference (7).
g) AVA Gottingen, Ergebnisse_Vol 1 (1921).
h) Foil Sections to Rq= 2.5 107, NACA T. Rpt 964.
i) Polhamus, Drag Due to Lift, NACA T.Note 3324.

_& te= 3%

e =58 %
“NGo "

= A =l24%
fle = 4%

Figure 14. Variation of lift and drag coefficient as a func-
tion of Reynolds number, tested (10) at constant angle
of attack on wind-tunnel models having A = 5. Section
drag coefficient obtained after subtracting CE /xA,

This velocity has one and the same magnitude at
upper and lower side of an airfoil section. However,
while on the upper side it has the same direction as
the general flow (with positive sign), it is directed
against the general flow (with negative sign) at the
lower side. The difference in the average dynamic
pressure, corresponding to circulation, is therefore

= *__ 4

Wa A2 C c?
Aq/q==l—(li—°—v) .
\'% 2 16
The skin-friction drag differentials for the two sec-
tion sides directly correspond to this equation. In
the region of sufficiently low lift coefficients, where
CL — 0, the upper side makes up completely for
the drag reduction of the lower one — as far as
friction drag is concerned.

Pressure Drag. A difference in dynamic pressure,
Aq, means a subsequent change of the static pres-
sure gradient along the rear of the airfoil section.
The pressure component of section drag varies with
the third power of this gradient. At the same time,
the frontal area of the respective side of the section
varies with the angle of attack. The resulting incre-
ment of the effective thickness ratio is roughly plus
or minus, respectively, C_/5. The pressure-drag
component of one side is consequently

=),

~ 60 (—zi%)zf (15)

Note that on the lower side (negative sign) the
pressure drag reduces to zero at a certain lift coeffi-
cient; subsequently the function has no more mean-
ing for that side.

Optimum Lift Coefficient. Equation 15 applies only
to camber ratios at which the flow smoothly meets
the section nose, without any or much flow around
it from one side to the other. The optimum or
“symmetrical” lift coefficient for which this is true,
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Figure 15. Collection of profile-drag coefficients of various
foil sections as a function of lift (11).

is approximately

CLopt: (10 to 12) f/c (16)
where f/c = camber ratio of the foil section. Figure
15 presents available experimental data on the pro-
file drag of airfoil sections, determined by the only
method which eliminates the induced drag — the
momentum-loss method (see in Chapter II). Gy oot
is roughly indicated by the minimum of the section-
drag coefficient Cj,. Combination of equations 14
and 15 yields the drag ratio per section side, with
the positive signs to be applied to the upper side
and the negative signs to the lower side of the sec-
tion. Figure 16 illustrates how the viscous drag of
a 129, thick airfoil section is shifted from the lower
to the upper side, upon increasing the lift coefficient
to positive values. The sum of the two drag com-
ponents increases with Cy . Some experimental points
evaluated for optimum lift coefficient, substantiate
the calculation, up to C_ = 1.

Additional Section Drag. Above and below the op-
timum lift coefficient, the drag increases because of
flow around the leading edge and subsequent mo-
mentum losses in the boundary layer. The 0012
section for example, in figure 15, shows at C = 1
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‘Figure 16. Example with t/c = 129, of the variation of
optimum profile drag as a function of lift, evaluated from
(11) for Reynolds numbers between 10® and 107
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a section-drag coefficient which is almost twice as
high as at zero lift. It has been tried to express the
incremental drag by empirical equations (12). A
rough but simple function indicating the profile
drag of symmetrical (or only slightly cambered) air-
foil sections, is

n
ACy /Cosmin = k C (18)

If, or as long as this drag component is proportional
to the square of the lift (n = 2), it can easily be
combined with the induced drag which is also a
function of Cf_ ; see in this respect the “equivalent-
aspect-ratio” method as treated in Chapters VII and
XIII. In figure 4 of the “drag-due-to-lift” chapter,
a component is evident, roughly corresponding to
equation 18, with k = 1. For example, on the basis
of Cpso = 0.009 and a wing aspect ratio A = 7, the
increase of section drag amounts to AC/Cp; =
0.01 = 7 = 209,.

In Cambered Sections, the drag at C — zero, can
be appreciably higher than that at C,,. For small
camber ratios, between 1 and 29, of the chord,
corresponding to C et between 0.1 and 0.2, evalua-
tion of foil-section data (11) with thickness location
at = 309, of the chord, suggests a variation of sec-
tion drag in the form of

ACDS =k CDSmfn (ACL/ACLma\()n (19)

where AC_ = (C_— Ciopt) » pOsitive or negative,
AC) pax = (CLmax— Ctopt) » and n between 2 and
3. In all such empirical functions, the boundary-
layer changes in laminar-flow type sections are dis-
regarded, of course. These and other sections as
well may exhibit irregular variations of viscous drag
as a function of lift coefhicient (due to pressure-
side laminarization, for example) — so that equa-
tions 14 through 19, describing continuous varia-
tions, can be considered only as idealizations. One
more influence comes from the aspect ratio of the
wing. It has been shown (11,i) that in small aspect
ratios the effective section camber reduces, because
of flow curvature. Increments of section drag above
those as indicated above are, therefore, found in
aspect ratios below those as applied in conventional
airplane wings.

Reynolds Number. Figure 17 shows the variation
of section drag against R'number, for several air-
foils at the lift coeflicient C = 0.7, a value that is
well above “optimum”. Most of the variation due
to partly laminar boundary-layer flow is evidently
eliminated; the transition point at the upper side
is most likely fixed near the minimum pressure
peak.
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) © ARC CLARE - YH t/e =117 % f/c=3.2% (9,8)
! + ARC RAP-34 t/c = 12.7%; f/c = 1.8 % (9,0,8)
0.1
) O FACA 64A-212 ATIRFOIL  SECTION (6,4)
. C ! W XNACA 63 -212 AIRPOIL SECTION (11,n)
Ds7 |
4 |
|
M
\‘ g . - . 3
: i e v Figure 17. Variation of section-
Yo R.=Ve/y drag coefficient at Gy = 0.7
T Ty g . N L
o S ALy e 1N (after subtracting induced drag)
2 4 6 2 P o n o1 H C
. T— as a function of R’number:
TRANSITION .- -
1o 0° 10° 107 10

Sharp Leading Edges. At optimum lift coefficient,
foil sections with sharp leading edges may be ex-
pected to have the same drag as similar sections
having a favorably rounded leading edge. Figure 18
demonstrates, however, that above and below CLO‘,{:
= 0.5 for f/c = 59, the viscous drag of this sharp-
nosed circular arc section increases considerably
above that of comparable round-nosed shapes. The
mechanism through which flow around a sharp lead-
ing edge is maintained, has found increased atten-
tion lately (14) . Laminar separation first takes place
directly at the edge. Because of turbulent mixing,
reattachment is then effected at a location that stead-
ily moves from near the leading to the trailing edge,
as the angle of attack is increased. Experience with
airfoil sections or plates having sharp edges, proves
that in this way appreciable positive pressure gradi-
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(12) Formulas for section drag as a function of lift: ;5
a) NACA T Rpt 312 (1929); ACps = 0.0093 C .
b) Rpt 391 (1981); ACps= 0.0062 (CL— Ciop.
c) Flight 1932 p.530a and 710a; AGCyg presented as
a function of [ (C—Crapd) / (CLmax— Curopt) 1.

(18) Williams and Others (NPL), Circular-Arc Aerofoils
in CAT, ARC RM 2301 (1946) and 2413 (1950).

(14) NACA, Investigations on BL Reattachment T.Notes

1196 (1947), 1894 (1949), 2338 (1951) and 3505.

(15) Characteristics at extremely high angles of attack:

a) Naumann, Profile to 360°, Ybk Lufo 1940 p.L51.

b) AVA Géttingen, Ergebnisse Vol IIT (1926).

¢) NACA, “Clark Y”, Rpt 317 (corrected for block),

d) NACA, 0012 Between Walls to 180°, T.Note 3361.

ents can be overcome, without contracting perma-
nent separation. Generation of lift and a fairly high
lift-curve slope are thus maintained up to maximum
lift coefficients in the order of 1. The section drag
increases, however, progressively in this mechanism,
as shown in the examples of figure 18. Figure 14
also proves that in sharp-nosed sections, high lift
coeflicients are maintained down to comparatively
low Reynolds numbers — below those that are criti-
cal for round-nosed sections. Early experiments in
wind (Lilienthal) and in small wind tunnels
(Eiffel) , at Reynolds numbers below 105, therefore,
led to the conclusion that sharp-nosed (and cam-
bered) sections would be optimum for airplane
wings. Only after increasing speed (and size) ot
the test facilities, characteristics were subsequently
found in streamline foil shapes, truly superior in

BOUNDARY LAYER REATTACHEMENT

+ BICONVEX t/c=05% (NO CAMBER)
® 5% CIRCULAR ARC f/o= 2,5
A 0% CIRCULAR ARC f/o= 5%

Fig. 18. Drag-ift function of foil seations having sharp
LE’s, tested with A = 6 at R. = 6 10" (13).

the range of Reynolds numbers as they prevail in
full-scale airplanes.

Beyond Gppmax, the drag of airfoils increases in a
manner as shown in figure 19. In the vicinity of
ot = 45°, the lift shows a certain “hump”; and
from there on, drag predominates, reaching at X =
90° a maximum roughly equal to that of a flat plate
in normal flow (Chapter III). Wings with A = 5
or 6, show in this way Cpg = Cp, = 1.15, while in
two-dimensional condition (between tunnel walls)
Cpsmax = 2. Practical application of high angles
of attack is found in heliocopter blades and in ma-
rine propellers (in reversed operation).
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Figure 19. Variation of drag-, lift coefficient (15); (a)
in finite aspect ratios, (b) between tunnel walls.

Wing Flaps. By deflection of a landing flap, section
camber is increased. At higher lift coefficients,
flapped sections, therefore, can have less drag than
plain airfoils. A certain flap angle is associated with
each lift coefficient, providing minimum section
drag. Corresponding points are plotted in figure 20,
indicating envelopes of the maximum “lift/ (section
drag) " ratio. Regarding the design of landing flaps,
ailerons and control surfaces, figure 20 leads to
practical conclusions as follows:

(@) Slotted flaps and similar designs, such as the
“double wing” present the least drag in the range
of intermediate and higher lift coefficients. Up to
certain critical lift coefficients, where evidently a
more extended flow separation begins, the profile
drag of the slotted sections roughly agrees with the
theoretical result as per equations 14 and 15.

(b) Split flaps usually show the highest maximum
lift coefficients and the lowest minimum drag values
(if retracted into the wing profile). On account of
the dead space between the trailing edges of wing
and flap (if deflected) the section-drag coefficients
of split flaps are about twice as high, however, in
the average, as those of the slotted flaps.

() In the case of plain flaps, widely used in con-
trol surfaces, the flow stays attached to the suction
side of the flap within a deflection angle of only
plus or minus 10 or 15°. Beyond these angles, the
section drag is at least as high as in split flaps.

FLUID-DYNAMIC DRAG

Wing Slats. Slots (fixed) or movable slats (pio-
neered in England by Handley-Page) increase maxi-
mum lift by preventing flow separation from the
upper wing side. Section-drag coefficients associated
with their application seem to be excessive at wing-
chord Reynolds numbers below == 10° — as shown
in (17) for example. It is suggested that the R’'num-
ber on slat chord (between 15 and 209, of the wing
chord), should be well above 105, so that flow sepa-
ration from slat suction side is avoided. It should be
expected that at certain lift coefficients, the section
drag coefficient of slotted wings can be as low as
with trailing edge flaps. Generally, however, LE
slots and slats do not appear to be promising as far
as drag is concerned. Their application is rather
a necessity in certain wing shapes, to prevent stalling.
Figure 20,a presents drag characteristics of an open
(fixed) slat. It is seen that in condition (b) with no
flow through the slot, drag is comparatively small.

Q o ®aca 2% 3 w: (2
N DYy 2412 21° (h)
PLAIN R

N D
R

N x maca 2012 310 (a)
LA + xaca 210 410° (a)
.

SPLT N

Y e—
g
SLOTTED %

maca 23012 3108
waca se210 40t
stor-21® rorzR 3 10°
DOUBLE - S07TED 3 108

XN

——

CD.s

0 08 Jo 15 20 25

Figure 20. Profile drag of airfoil sections equipped with
various types of lift-increasing TE flaps (16).

(@) et
S = 0,030

(0)

i = 0,015

Figure 20,a. Drag (by wake survey) of foil section (Fie-
seler “Stork”) in combination with fixed slat (17,b).
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C. DRAG OF STREAMLINE BODIES

Basic Shapes. In distinction from airplane wings
(essentially designed for lifting area) engine nacelles
and particularly airship hulls are designed with a
view to volume. Streamline forms used in these
applications, illustrated in figure 21, are generally
“fuller”’, therefore, than the sections in figure 9.
Only fighter airplanes (if not having a jet outlet
at the tail) and other airplanes (not carrying any-
thing or much in the afterbody) may have more
slender basic fuselage contours similar to the NACA
4-digit foil sections. Engine nacelles may have shapes
very much dictated by technical functions, such as
in- and outlets of cooling air or jet volume and the
landing gear which is often retracted into them.
In the fuselages of commercial airplanes, a pris-
matic shape of the middle body is desirable for a
convenient arrangement of seats — as in railroad
cars. In displacement ships, bow- and stern portions
of the hull are made as fine as practicable to reduce
(postpone) wave resistance. Generally, the position
of maximum thickness has a considerable influence
on that of the minimum pressure (dictating bound-
ary-layer transition) . Reference (20,a) indicates, for
example, on a 17.59, thick body of revolution:

for maximum thickness location x/c = 0.30, 0.40, 0.50
a minimum pressure location at = 0.20, 0.35, 0.60

References (20,b and c) also demonstrate that full
forebodies (in distinction from fine or even pointed
shapes) have the pressure minimum near the nose.

Reynolds Numbers. Approximate average R'num-
bers (on length 1) in streamline bodies are as listed
in table D. These numbers are considerably higher
than those of the foil sections in tables A and B.

(16) Characteristics of flapped wing sections:
a) Wenzinger and Others, Airfoils with Various Flap
Arrangements, NACA T Rpts 661, 664, 668, 677.
b) Kramer, Wing Flaps, German Doct ZWB FB 1576.
¢) A bibliography on wing flaps is given in ARC RM
2622, Characteristics of Flaps by Young (1953).
d) Sivells, Wing with Flaps, NACA T.Rpt 942 (1949).
€) CAHI (Moscow) Rpt 133; in Fieseler “Stork”.
f) NACA, Fowler Flap, Technical Note 808.
g8) NACA, Double-Slotted Flap, Technical Rpt 728.
h) DVL, 2412 Foil, Yearb’k D.Lufo 1940 p.I,182.
(17) Characteristics of airfoils with LE slots or slats:
a) NACA, Tech Note 702 and Tech Rpt 586.
b) Petrikat, LE Slats, Ybk.D.Lufo 1940 p.I,248.
¢) CAHI Rpt 133, German Transl. Luschau 1936.
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APPLICATION S £ Vinots B

AUTOMOBILE BODY 15 50 7 108
AVERAGE BOMB BODY 5 400 2 107
PIGHTER FUSELAGE 35 550 2 108
COMMERCIAL, ATRPTANE 100 300 3 108
BOMBE R FUSELAGE 100 400 4108
TARGE AIRSHIPE UL L 600 100 6 108
LARGE ROCEKET 40 1500 6 10°

TABLE D. R'numbers in streamline-body applications.

Experimental Data. Plotted in figure 22 against Rey-
nolds number, the drag coeflicients of three-dimen-
sional bodies generally show trends similar to those
of the two-dimensional shapes in figure 1. At R’num-
bers below 107, the experimental points are rather
scattered, however. The drag coefficients of two
bodies having the same fineness ratio, may be dif-
ferent in the ratio of 1 to 2, for example, at one
and the same R’'number. The reasons are as follows:

(a) The support of a body of revolution in the
test section of a wind tunnel, is practically impos-
sible without disturbing the flow pattern somehow
(by rods or wires attached to the forebody). Also,
the wake-survey method of testing drag (which is
so successful in testing foil sections) cannot help —
since it necessarily includes interference effects too.
The method has been applied, however, in (21,h)
and (22,a).

(b) On three-dimensional bodies, pressure minima
are basically smaller than in two-dimensional flow.
Boundary-layer transition is, therefore, not fixed
(as in the 4-digit foil sections for example) . Rather,
transition is a complex function of shape, Reynolds

—

——]

A) SHAPE FOUND IN FUSELAGES
OF SUBSONIC AIRPLANES.

IK

B) BASIC SHAPE FOUND IN COM-

MERCIAL AIRPLANE FUSELAGES.

0
!
| AIRSNIP LZ-129

— o lamRRd
]
! C) EXAMPLE OF THE SHAPE OF

AN AVERAGE AIRSHIP HULL.

li

D) BASIC SHAPE OF TURBO-
JET ENGINE NACELLES,

Figure 21. Seme examples of basic streamline body shapes

in engineering applications.
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Figure 22. Selected results on the drag of rotationally-
symmetric bodies (no corrections applied) .
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number and stream turbulence, similar to condi-
tions in laminar-type foil sections. ‘“Turbulence
factors” (not applied in plotting the results in figure
22) would be very large in certain shapes, for ex-
ample in the order of 10 as in figure 9 of the “skin-
friction” chapter.

1957

At Subcritical Reynolds Numbers. Not a single
source was found by the author on streamline bod-
ies in really subcritical condition (below Rg = 10%).

Assuming, however, that with separated flow pat-
tern, streamline bodies may have the same drag as
spheroids (treated in the “pressure-drag” chapter),
it is possible to appraise the subcritical drag (in a
manner similar to that of the foil sections in figure
4) . Thus the pressure drag is tentatively

Cppresse = 0.33 d/k (1)

Guided by the later equation 28, the skin-friction
drag is estimated to be

c C?lum [l + 1)3/2]

Dwet (22)
These two coeflicients can be converted into one
another, using equation 80. The functions then
present a pair of asymptotes between which the
drag coefficient is

Cp. = 033 (/) + Cy__ [3/a) + 8 (/)]

Or, based on wetted area:

C @+ o1 @uf

Dwet C{‘Lqm [1

This function has been used in ﬁgure 22 to indicate
drag coefficients between Ry = 10*and = 105 The
optimum fineness ratio, if considering drag based
on frontal area, is in the order of d/{ = 209, at

Forced Turbulence. Drag predictions in the transi-
tional range around Rq = 10 are problematic. Diffi-
culties reduce, however, at hxgher Reynolds num-
bers (see in table D) and/or in such applications
where boundary-layer transition is forced. In many
or most engine nacelles, for example, the b’layer is
made turbulent by air intakes, cooling flaps, surface
imperfections and the adjoining wing parts. The
propeller slipstream (if involved) also produces
early transition in naceiles as well as on the fuselage
surface (in single-engine configurations). Even in
comparatively clean jet engine installations, the
boundary-layer may turn turbulent from the rim of
the intake opening. In these practical applications,
therefore, the irregularities in the drag-coefficient
function as seen in figure 22, may not be very im-
portant. Airship bodies have accordingly been tested
in wind tunnels (21) and ship hulls in towing tanks
(see in the chapter on “water-borne craft”) with
transition forced and fixed by means of sand strips,

(24)
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wires or turbulence pins placed on the model’s sur-
face near nose or stem, or through turbulence
screens placed in front of the models. Extrapolation
to full-scale Reynolds numbers (above 108) is then
accomplished in proportion to the turbulent skin-
friction drag coefficient. Figure 23 presents a selec-
tion of results in which turbulent boundary-layer
flow is forced over most of the R’'number range
investigated. There are many other experimental
results available (21) between Ry = 10° and 107
One group exhibiting the effect of moderate wind-
tunnel turbulence is included in figure 22. Between
the lowest curve shown there and the “fully” tur-
bulent function in figure 23, the drag coefficient can
have any value because of stream turbulence, sur-
face roughness, interference from attached or ad-
joining parts and as a consequence of shape (position
of maximum thickness and fullness — prismatic co-
efficient) . Such results have been excluded from
the two graphs, to keep the basic picture clearer.

(20) Pressure and drag on rotationally symmetric bodies:
a) Lange (DVL), Experiments on a Series of Bodies
German ZWB FB 1516 (1941), Trans'n NACA TM.
b) Neumark, Distribution (Theory), ARC RM 2814.
c) Weinig, Foil Sections and Bodies of Revolution,
Ybk STG 1937 p.231; see also ZWB FB 1633.

d) Young, Drag Calculation, ARC RM 1874 (1939).

€) Pretch, 3-Dimensional Bodies, ZWB UM 3185.
(21) Wind-tunnel results on airship hulls:

a) Investigations by BOS, NACA T.Note 264.

b) “Akron” Hull in Prop. Tunnel, NACA T.Rpt 432.

c) Bur. of Stand., R-33% Hull, Jacobs in Durand III.

d) Zahm-Smith, C-Class Hulls in Washington Tunnel,

NACA T.Rpt 291 (results do not correlate well).

€) MIT Investigation, Aircraft Engg 1934 p-233.

f) Two Bodies (R-101) in CAT, ARC RM 1710.

g) Fuhrmann, Ybk Motorluftsch. Studieng. 1911/12.

h) Lyon, Study of B’Layer, ARC RM 1622 (1934).

i) Abbott, Airship Hulls in VDT, NACA T.Rpt 394.

k) Two Streamline Bodies, NACA T.Rpt 451 (1933).

1) R-101 Hull, ARC RM’s 1168 (1926) and 2896.

m) C-Class Airship Hulls, NACA T.Rpt 138 (1922).

(22) Experimental results on bodies of revolution:

a) Mottard-Loposer, Parabolic Body Tested in Tow-
ing Tank, NACA T.Rpt 1161 (1954); also TN 2854.
b) Kosin and Lehmann, Fuselage Aerodynamics,
Yearb’k D.Lufo 1942 p.1,241; also Doct AVA 35/1941.
¢) Weinblum, Streamline Bodies in Towing Tank;
Schiffbau 1936 p.411; Yearb’k STG 1937 p.177;
Transl’'n by TMB.

d) DVL, In High Speed Tunnel, Doct ] 729/3 (1944) .
€) Ower, Interference Investigation, ARC RM 1409.
f) AVA Gottingen, Spheroids, Ergebnisse IT (1932).
g) ARG, Series of Streamline Bodies, RM 311 (1917).
h) Streamline Bodies in Towing Tank, Hamburg
k) NACA Fuselage Bodies in VDT, T.Note 614.
I) ARC, Two Streamline Bodies, RM 1271 (1929) .
m) Goethert, Streamline Bodies in DVL High Speed
Tunnel, ZWB Tech Ber. 1944 p.377 (also UM 1222).
n) Pannell & Jones, Bodies, ARC RM 607 (1919).
o) Mitt.Inst.Aerodynamik TH Ziirich No. 13, 1946.

6-17
¢ PFUHRMANN SHAPENO. I WITH d/1 =16 % (21,8
© ARC-LYON "B*"BODY WIMH d4/1 =20 % (21,h
X HNACA-VD?T WITH /1 = 12 70 16 21,
4 NACA-VDT IImd/l-fll‘oi? (21,1)AND(22,k
+ NACA AIRSHIP HULL WI 1=10 % 21,8
- BERLIUN IN TOWING TANK WITH d4/1 = 12,5% 22,0
' HANBURG IN TOWING TANK WITH 4/1 = 13 % 22,h
ol Eﬂ\).z"’m:l
e -
I Ll =5 R(=Vl/v
‘8].\-..\° . e, .
R x*xe A48 i e
\\\ oL \»*.‘A\A::&(ﬁ 'é‘-\‘.‘:‘: i EOU.ZB‘FG
~_ " e th\}/d 73
SR __,-—-*—\-\*~\7\-\\
. e —i
CDHd: \\\ N e FieURE 22 G, ,
C/ ~ Frurbt
Flomy T~
o0l .
10° 10¢ 10 1o

Figure 23. Drag of streamline bodies, tested in turbulent
wind tunnels or with turbulence stimulation.

Thickness Ratio. To show their relation to the skin-
friction drag coefficient Gg, the experimental results
in figures 22 and 23, have been referred to the
wetted surface area of the bodies. Employing the
same methods as for two-dimensional shapes, the
drag in rotationally symmetric conditions can be
described in terms of the thickness ratio. In three-
dimensional flow, the supervelocity is approximately
proportional to (d /1)3/2 , as can be found in (20).
For small (d/l) ratios, the increment of the average
dynamic pressure along the sides is accordingly

Aqula =15 @HR ()

The frictional drag coefficient corresponds to the
average dynamic pressure; therefore:

AC,/C, = 15 @/ 26)

Interpolating the experimental points in figure 24,
the drag component due to flow separation is statis-
tically found to be:

Copr /Cp =7 Ch (27)

The total drag, based on wetted area is consequently

3
Coet /Cp = 1 + 15 @+ 7@n® | s

The graph shows that the third term of this equa-
tion is practically negligible up to d/1 = 0.2.
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Figure 24. Streamline bodies; variation of drag coefficient
(on wetted surface area) as a function of d/f.

“Laminar” Regime. It appears in figure 22 that be-
tween R = 10° and 10° the drag coefficients of sev-
eral streamline bodies tested, follow lines which are
essentially parallel to the laminar skin-friction func-
tion — which means that their drag is proportional
to that drag. Equation 28 may, therefore, be ap-
plicable. A number of expenmental points was
taken at, or reduced to Ry = 4 105 (see the lines in
figure 22), and included in figure 24. By coinci-
dence they exhibit drag coefficients in the same
magnitude as these bodies have in fully turbulent
condition at Rg = 107. Note that with laminar fore-
body flow, the function cannot continue at thickness
ratios below = 0.1; transition can no longer be
expected then to be fixed near the pressure mini-
mum (whose value reduces together with d/f). —
In not-too-thin bodies, laminarization can be con-
tinued to higher Reynolds numbers by placing the
maximum thickness further back. An example of
this effect is included in figure 22 between (3 and
8) 10° in two bodies having the thickness at 0.45 {.
However, since the favorable pressure gradients ob-
tainable in three-dimensional bodies are compara-
tively small, the laminarization effect cannot be as
strong and lasting as in laminar-type foil sections.
Also in many applications there may simply not be
much of a chance for the b’layer to stay laminar,
because of other components of a configuration
(such as, for example, wing roots on a fuselage) .
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Surface Roughness, A few results of streamline bod-
ies having a rough (carborundum- or sand-coted)
surface are included in figure 8. Figure 24 demon-
strates in two experimental points (22,d) that equa-
tion 28 also applies in rough-surface conditions, if
using a basic C £ value that corresponds to the rela-
tive roughness size k /| (as explained in the chapter
on “imperfections”) .

Applications. Rotationally symmetric streamline
bodies or similar three-dimensional shapes are ap-
plied in fuselages, nacelles, airship bodies, ship
hulls, floats and in fairings. Suitable reference areas
are listed in table E.

APPLICATION REFERENCE AREA /1) 404 |2/ gp4
PAIRINGS AND ENGINE NACELLES FRONTAL AREA ag/t 0.4 2%
AIRSHIP- AND BOAT E UL L 8 VOLUME ARRA ¥ 0.3 3
PUSELAGES WITH TAIL SURFACES  SEE REPERENCE (I,0) A7 6

TABLEE. Reference areas and optimum ratios of three-
dimensional bodies, as a function of application.

Frontal Area. The wetted surface area of streamline
bodies is approximately

Swet = (0.7 to 0.8) { (perimeter)

The perimeter is that of the maximum cross-section
area, which in rotationally symmetrical bodies is
equal to (d =) . The smaller constant applies to finer
shapes, the larger one to fuller shapes (approaching
spheroids) as illustrated, for instance, in figure 21.
Using an average constant of 0.75, ghe circumfer-
ence =d, and the frontal area S, = d'r/4, the ratio
of wetted to frontal area is found to be approxi-
mately

S

wet

4:0.74 X
= = 3—
Se d/f d

(30)

Employing this expression, equation 28 is converted
into

CD./C-F =

SQ/d) + 5@+ 21 @

Optimum Fineness Ratio. With respect to frontal-
area coefficient, ﬁgure 25 shows a minimum at {/d
= 2.7 or d/l = 879, respectively. Considering
aircraft applications, it must be remembered, how-
ever, that the flow past streamline bodies is usually
disturbed by interference through appendages or
other adjoining parts. The optimum fineness ratio
of such bodies or that of fairings is consequently
higher than 2.7. More information on this subject
is available in Chapters VIII and XIII.

@
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Figure 25. Drag coefficients (on_frontal area) of stream-
line bodies as a function of their fineness ratio. Points
evaluated from figures 22 and 23; equation 3I.

Volume. For airships, the decisive characteristic is
volume. It is, therefore, convenient to refer the
drag coefficient to an area derived from volume;
that is, to §, = (volume)2/3. This area represents
the side of a cube having the same volume “V” as
the body considered. The volume of a streamline
body is

V= Cprisg S, (32)

Where Cpyis = prismatic coefficient. A value of 0.6
for this coefficient applies to finer fuselage shapes;
Cpris = 0.7 is approximately correct for airship bod-
ies. Using an average constant, combination of this
equation with 30 gives

St/ =4 @ )

Subsequently, equation 28 is transformed into

Con/Cs = 4 M2 6@/ 20@if”  (36)

(28) Streamline bodies with surface roughness:
a) Hoerner, Reynolds Number Turbulence Rough-
ness on Spheres, Lufo 1935 p.42; Transl'n NACA T.
Memo 777.
b) NACA, Airship Bodies, T.Rpts 324 and 452.
¢) DVL, Bodies in High Speed Tunnel, (22d).
(26) Jones-Bell, Spheroid, ARC RM 858 (1922).
(28) Eggers, Reversed 0012 Section and Wedge Function
of M; NACA Rpt RM A7CI0 (1947).
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As theoretically optimum fineness ratio for airship-
and submarine bodies, this equation yields d1 =
0.25 or | /d = 4. The optimum is, however, rather
flat, at d/f = 0.2 and = 0.3, for instance, the drag
is only =2 29, larger than the minimum.

Real Bodies. Fuselages and flying-boat hulls differ
more or less from the ideal streamline shape, both
with respect to contour and cross-section. Usually,
therefore, such bodies present drag values, which
are somewhat higher than indicated in figures 23
and 25, even if disregarding protuberances, append-
ages, and interference effects. As equivalent “diam-
eter” of these bodies, “d” = 0.5 (b + h) may be
used.

Drag Due to Lift. The induced drag of three-dimen-
sional bodies, associated with lift which they usually
produce if put at an angle of attack against the flow,
is treated to some degree in the “drag-due-to-lift”
chapter. In addition to this component of drag,
streamline bodies also exhibit some increment of
viscous drag — caused by increased average super-
velocity around the shape. At positive angles of
attack, the boundary-layer has the tendency of ac-
cumulating above the stern; and such accumulation
is part of the mechanism by which lift originates
in the first place in these bodies.

D. SUPPLEMENTARY INFORMATION

To fill the space on this and the next page, some
more results are presented, related to the subject
of “streamline drag”.

Turbulence Stimulation has been mentioned under
the heading “forced turbulence” on page 6 - 16.
Figure 26 demonstrates how the drag coefficient of

.09 C
De o

.07

| N WIRE RING
.06

20T
.05 V— & —- d .6 in. —)—seraration
ok | L=4d Rl-lrlo‘
.03
WIRE. DIAMETER  dy /d
0 2 4 .6 .8 1o% 12

Figure 26. Example of turbulence stimulation by means
of a wire ring (26),
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a spheroid varies as a function of the diameter of a
wire ring applied for stimulation. In the first phase,
drag is decreased; evidently separation is further
reduced in the same manner as in spheres and cyl-
inders (see in the “pressure drag” chapter) within
the critical range of their Reynolds number. In the
second phase (above dw/d = 0.3) the spheroid’s
drag increases again. Drag due to, and boundary
layer thickness caused by the “trip wire” evidently
produce separation to an extent which approaches
and then exceeds the original degree of separation.
The example presented is extreme insofar as the
shape of the spheroid lends itself to separation. The
result suggests, however, that some consideration
must be given to degree and consequences of tur-
bulence stimulation in model testing.

C ONE CHORD
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Figure 27. Distribution of sectional drag within the wake
of a wing tip. Shape and model tested, is the same as in
reference (2,b) of this chapter and in figures 9 and I
of the “drag due to lift” chapter.
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Wing-Tip Drag. 1t is mentioned on page 6 -4, that
rounded or sharp lateral edges of a rectangular wing
somewhat reduce the sectional drag (at or near zero
lift) . Figure 27 presents the distribution of para-
sitic drag as found in the wake of three different
tip shapes. Assuming that the sectional drag should
correspond to wetted surface or local chord of the
wing tip (as indicated in the illustration), certain
positive and negative differentials are found. After
integrating them, negative values are found in two
of the shapes tested, for the drag coefficient Cp. =
D/q % defined for a pair of wing tips. This result
must be explained on the basis of reduced super-
velocities past the round and the tapered wing-tip
edge, making frictional and pressure drag smaller
than in two-dimensional condition.

Cps = 0.007
s Co. = 006

= 0.018
0.15

A:J.,J:,.):WAKE ————

00 )
VORTEX STREET -

Figure 28. Drag of 0012 airfoil section and of a wedge
tested at zero lift between tunnel walls by wake survey (28).

Reversed Flow. Streamline shapes are designed, of
course, to be used in their “natural” direction of
motion. There may be occasions, however, as men-
tioned on page 6 - 13 (in connection with figure 19),
where the direction is reversed. Figure 28 presents
the drag coeflicient (between walls) of a 0012 sec-
tion at zero lift, tested in both directions. With the
round edge trailing, the section drag is more than
doubled in comparison to that in the direction of
common application. The round trailing end still
has an appreciable “streamlining” effect, however.
This result is realized when inspecting the wedge
shape in figure 28, having a drag coefficient which
is = 5 times that of the reversed 0012 section.
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CHAPTER VII — DRAG DUE TO LIFT

“Drag due to lift” is meant to indicate components
of resistance directly and necessarily associated with
the generation of lift — in airplane wings as well
as also in bodies such as fuselages, airships, or even
automobiles, for example. Predominantly, drag due
to lift is induced drag and its many variants. The
name “induced” refers to the similarity of the fluid-
dynamic flow pattern with that of the magnetic field
“induced” by electric conductors (1,a). The in-
duced velocities are an essential part of the vortex
system left behind the wing; they are the means
through which momentum is transferred from the
flying wing onto the fluid.

1. INDUCED DRAG AND ASPECT RATIO

Basically, lift is produced by deflecting a certain
stream of fluid downward from its undisturbed
direction. For infinite span, the affected volume of
fluid (being proportional to the square of the wing
span) is infinite too. For uniform lift distribution,
the final or remaining deflection angle and the in-
duced drag are zero accordingly. Considering, how-
ever, the limited span of actual wings, induced drag
is a price that has to be paid for obtaining the lift
needed to support the weight of an airplane.

Lifting Line Theory. Because of the pressure dif-
ference between lower and upper side of a lifting
wing, a certain flow is started around the wing tips,
so to speak. Theory (2) replaces the structure of the
wing by a “bound” straight vortex or “lifting line”,
the circulation of which is of the same magnitude
as that of the physical wing. Because of the decrease
of circulation toward the wing tips, “trailing” vor-
tices originate along the lifting line. As illustrated
in figure 1, a vortex sheet with a more or less con-

stant downwash velocity “w”, leaves the trailing
of the illustration).

‘3

edge of the wing (part “a

Shortly after leaving, however, this vortex sheet
transforms itself (it “rolls up”) into a pair of tip
vortices (b), downwash distribution and flow pat-
tern of which are shown in parts (c) and (d) of
figure 1. The circulation in these vortices is the
continuation of that in the center of the lifting line.

Integral with this vortex system is a permanent
downward deflection of the affected stream of air.
Upon approaching and meeting the ground, the in-
duced momentum may theoretically again be taken
out of this stream and be transferred onto the earth
in the form of pressure. In this way an airplane can
thus be considered as being supported from the
ground. There can also be more than one pair of
rolled-up vortices, so for example behind biplanes,
cruciform-type wings and in other configurations
such as that of a horizontal tail with a fuselage, for
instance. Physical pictures of tip vortices are found
in (3); see also figures 7 and 8.

e b

(o) DISTRIBUTION IN
VORTEX SHEET

{b) PATH OF TIP
VORTEX CORES

{c} DISTRIBUTION OF
ROLLED-UP SYSTEM

deore= /10

(d) FLOW PATTERN OF
VORTEX SYSTEM

Figure 1. Flow pattern and downwash distribution behind

lifting line and/or wings (2 and 3).
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Downwash Angle. Theory indicates that the opti-
mum lift distribution over the span of a wing, pro-
viding maximum lift for a given angle of attack
and minimum induced drag for a given value of
lift, is elliptical. The equivalent stream of air de-
flected by such a wing is that within a cylinder
having a diameter equal to the wing span b. Apply-
ing now the principle of “force equal to mass times
added velocity” to that cylinder of fluid, the fluid-
dynamic force is found to be

(LorF) =g (w/9 BV w (1)
with w indicating the “vertical” downwash velocity

at some distance behind the wing. The average
downwash angle is accordingly

w/V =2 C /mA = 2; (2)

where C_ = L/qS = lift coefficient, and A = b*/S
= aspect ratio of the wing considered.

-

FLOW DIRECTION T — w

Figure 2. Induced drag, a component of “lift” force.

Induced Angle (2). At the location of lifting line
or wing, the flow is deflected by an average angle
which is half the final theoretical downwash angle.
That angle is the induced angle of attack. As illus-
trated in figure 2, the force “F” originating in a
direction normal to the average direction of the
flow in the vicinity of the wing, is therefore tilted
backward by the induced angle

& =~ tanx; = C /T A (3)
o’
) 1 ¥ 1
R
05 ‘/
A/I \\'7
e
AN
/ =2 /¢/=3
-/ /o ;Ir ,/‘/=5
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v .v. o~ FRICTION
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In this manner, the force exhibits a component in
the direction of flow, which is the induced.drag,
represented by the minimum coeflicient

C,, =C_tanc; = CYrA (4

Di

As simple as this equation looks, it should not be
forgotten that the indicated drag is only the mini-
mum possible value as found from an over-simplified,
although extremely successful theory. It should also
be mentioned that except for elliptical distribution,
the mean average induced angle (as obtained by
integration across the wing span) is not correctly
the same for lift and drag, respectively. The incre-
ment of the lift angle is usually somewhat larger
than that indicating added induced drag. These two
types of induced angle always change together, how-
ever; they usually grow together. — The nature of
the induced drag can be demonstrated by writing

Cpie =Di/(@ ) =¢C//x 6)

That is, by referring the drag to the square of the
chord (c?), a form of coefficient is found which is
independent of the aspect ratio.

Aspect Ratio. It can be derived from equation 4 that
the drag

D; — W¥/(x q b%) 6)

where W = L = load or weight, respectively, of the
wing or airplane considered. It is seen in this way
that the induced drag is a function of the wing
span b, rather than of the area S, In other words,
to reduce the induced drag, only an increase of
span will be beneficial in a given condition. Using
the non-dimensional coefficients, for lift and drag,
the aspect ratio takes over the place of the span.
Writing equations 3 and 4 in the form

Gy, /AC! = do/dC, = 1/(®A)  (7)

Figure 8. Drag coefficient of various wings (profiled ex-
cept for 2 small AR plates) as a function of the
square of their lift coefficient.
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a theoretical function (representing the induced
drag angle) is obtained, against which experimental
results can conveniently be checked. Among the
hundreds of such results available from various
sources, some more systematic examples are shown
in figure 3. By plotting the drag coefficient against
the square of the lift coefficient, rather than as a
function of this coefficient as such (1,c), the quad-
ratic nature of the induced drag is conveniently
demonstrated. At C_ — zero, a basic profile-drag
coefficient is found (in the order of 0.01 or less). In
aspect ratios larger than 3, agreement with equation
7 is comparatively close. The straight functions dis-
continue at higher lift coefficients because of pro-
gressive flow separation upon approaching maximum
lift coefficient. The limitation is shown in the graph
for one aspect ratio (A = 3) . Plotting now in figure
4, the slopes dCD/dCL against (1/A), agreement
with theory is found, down to aspect ratlos in the
order of 1 — if taking the slopes near CL——> Z€ero.
Generally, however, the experimental values are
above the theoretical function. An appreciable part
of the increment (in the order of 0.0! or even
higher) represents the growth of the profile drag
against the lift coefficient. The fact that round-ended
wings have higher drag due to lift ratios than wings
with sharp lateral edges, is discussed later.

In Flat Plates — the theoretically expected suction
force near the leading edge of the upper or suc-
tion side, cannot develop. Therefore, the pressure
force “F” is normal to the plate surface, and the

(1) Historical notes concerning lift and drag:
a) Glauert says in (2,c) : “A line vortex is analogous
to a wire carrying an electric current, the strength
of the vortex corresponds to the strength of the cur-
rent, and the induced velocity at any point of the
fluid corresponds to the magnetic force due to the
electric current”.
b) Account of Lanchester’s work by Prandtl in
“Generation of Vortices”, Paper RAS London 1927.
c) The polar diagram (Cp against C;) was intro-
duced by Lilienthal in “Der Vogelflug”, 1889.
(2) On general wing theory:
a) Prandtl's Wing Theory, Nachrichten Kénigl
Gesellschaft der Wi’schaften 1918, 451 and 1919, 107.
c) Glauert, “Aerofoil and Airscrew Theory”, 1926.
(3) About rolled-up, trailing tip vortices:
a) Bird, Visualization, JAeron'l Sci. 1952 p-481.
b) See references (7,b) and (7,d).
c) Kraft, Flight Tests, NACA Technical Note 3377.
d) Betz, Vortex Systems, ZaMM 1932 p.164.
€) Behind swept wings see reference (88,f).
f) Kaden, Rolling-Up Analysis, Ing-Archiv 1931, 140.
(4) Results on drag due to lift and aspect ratio:
a) Ergebnisse AVA Géttingen Vol I (1921).
b) Anderson, Experimental and Calculated Charac-

teristics of 22 Tapered Wings, NACA T.Rpt 627.

c) Results on Delta Wings, ARC RM 2871.
d) DVL, Tunnel Results, ZWB FB 548 and 914.

€) NACA, Models at High Speed, Tech Rpt 877.
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Figure 4. Drag due to lift of various series of wings as a
function of 1/ (aspect ratio).

drag due to lift is simply a component of the nor-
mal force; thus

G, = CN

- sing = € tan
The increment of this drag over the induced drag
(equation 4) 1is viscous drag, essentially correspond-
ing to reattaching flow separation behind the sharp
leading edge. Assuming now that the lift is still ap-
proximately the same as in a profiled wing, the drag
due to lift of flat plates is theoretically

dC, /dC} = do/dCy = 1/2 ) + 1/ (7 A)

This drag ratio (included in figure 4) is by 0.5/x
higher than the induced drag.

2. EFFECT OF SHAPE ON INDUCED DRAG

Equations 3 to 7 correspond to elliptical distribu-
tion of lift over span of plain monoplane wings
placed in an infinite stream of fluid. Any deviation
from the elliptical distribution results in a certain
increase of the average or effective induced angle
of attack. There are also other effects of wing shape
(sweep, dihedral) that make the induced drag
larger. Various effects of this nature are treated in
this section.

Effective Aspect Ratio. The plan forms of airplane
wings are rarely elliptical. Also the lift distribution
is usually disturbed in airplanes through the addi-
tion of fuselage, engine nacelles or other parts. In
such conditions, equation 4 can still be applied,
however, if using an appropriate correction factor:

2 2 2
C, CL CL

C = (I+k)— = K — = (10)
TA TA weA
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As will be described in the subsequent sections,
there are certain increments of the induced drag
which can be predicted theoretically. Others are
known on a statistical basis. Instead of saying now,
that the induced drag is so and so much higher than
indicated by equation 4, it is in some cases more
convenient to say that the effective aspect ratio
“A;” = eA, to be used in that equation, be smaller
by a corresponding fraction than the geometrical
value. The connection between the two approaches
is evidently given by

=14+ k=A/A; = /e 1y

In performance analysis, equation 10 defines the
so-called “e” method (see in the “aircraft” chapter)
used in correlating the drag due to lift of a com-
plete airplane configuration with the theoretical
minimum. In biplanes, the factor “e” is identical
to the “‘span factor” (e > 1), indicating their effec-

tive span (26,b).
(@) Plan Form and Wing Tip Shape

Lift Distribution. Correction factors have been cal-
culated for rectangular (2,c) and tapered (5) wing
plan forms. These factors roughly increase in pro-
portion to the aspect ratio. For tapered (or trape-
zoidal) shapes, figure 5 has been prepared accord-
ingly, presenting the term “k/A”. The value k =
A (k/A) is to be used in the equation

2
G, = 1+ kC/rA (11)

The plan-form-correction represents an induced-
drag component which is approximately independ-
ent of the aspect ratio. For example, in a rectangular
plan form A(dCy;/dCi) = k/ = 0.003. For taper
ratios between 0.3 and 0.4, the additional drag is
very small, in the order of 1 or 29, in aspect ratios
commonly employed in airplanes. Appreciable in-
crements are indicated only in plan forms that are
either extremely tapered or close to the rectangular
shape. The theoretical results (figure 5) are appre-
ciably modified, however, by a tip effect to be de-
scribed later.
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Figure 5. Additional induced drag of tapered wings.
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Figure 6. Influence of certain cut-outs in the center of a
wing upon drag due to lift (6,a,b).

Cutouts. Figure 6 shows the drag-due-to-lift func-
tion of a rectangular wing without and with certain
cutouts in its center. Only little drag is added by a
cutout in the trailing edge. A (smaller) cutout in
the leading edge produces a similar effect up to C,
= 0.65. At higher lift coeflicients, the flow evidently
separates behind the gap in the leading edge (6,c).
The wing then exhibits essentially the same drag
as though the center part was cut out entirely; the
drag is roughly doubled in this case. Changes (or
sometimes disruptions) of the lift distribution simi-
lar to those illustrated in figure 6, can also be pro-
duced by fuselages, engine nacelles or other com-
ponents attached to a wing. Examples of the corre-
sponding additional drag due to lift are presented
in the “interference” chapter. Fuselage interference
of this type, or cut-outs in the trailing edge of the
wing roots, can be favorable, however, with respect
to longitudinal stability (by way of downwash) .

Tip Vortices. In low aspect-ratio wings, the lateral
edges have an important influence upon lift and
drag (as described later). A similar but smaller
effect of wing tip shape is also found in other aspect
ratios. Wing theory assumes that the vortex sheet
leaving the “trailing edge” would keep its original
distribution of downwash (as in figure 1,a) and
would have a span equal to that of the wing. In
reality the vortex sheet starts rolling up into the
pair of “tip vortices” (figure 1,b,c) as soon as any
pressure gradient has developed between lower and
upper wing side. Usually, this is near the leading
(rather than near the trailing) edge, as illustrated
in figure 7. The flow component coming from the
lower side combines with the stream along the up-
per side of the wing tip, thus forming a sharply
defined tip vortex. There is sometimes confusion
between the pair of rolled-up vortices and those
which form the mentioned sheet along the wing
span. The latter ones have been called “roller bear-
ings” (2,c), imbedded in the discontinuity between
upper-side and lower-side flow. They are not dis-
tinct or individual vortices; surveying the space be-
hind the trailing edge of a wing, rather a spanwise
sheer flow is found along both sides of the sheet
representing the sum of the trailing-vortex circula-
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tion. In the rolling-up process, this circulation is
transferred onto the pair of tip vortices (figure 8).
Together with the circulation, the viscous wake
(imbedded in the trailing sheet) may also be rolled
up into the tip vortices thus filling their cores. The
effect that the tip vortices have upon lift and in-
duced drag, is not considered in common lifting-line
theory (equation 4) and in applications such as in
figure 5. Certain experimental results in larger as-
pect ratios can be explained, however, by consider-
ing the rolling-up process.

Flow Around Tips. As a consequence of “rolling-
up”, the flow can actually get around the lateral
edges of a wing to a certain extent, as shown in
figure 8. The effective span is, therefore, shorter
than the geometrical span. In other words, a “con-
dition” is theoretically assumed to be fulfilled at the
wing tips, similar to the so-called Kutta-Joukowsky
condition at the trailing edge of wing sections, to

(5) Hueber, Characteristics of Tapered Wings, Zts. Flugt.
Motorluftsch. 1983 p.249 and Lufo 1938 p.218.
(6) Wings with cut-out plan forms:
a) Ergebnisse AVA Gottingen Vol. III (1927) p.92.
b) Muttray, Zts.Flugt.Motorluft 1929 p.161.
) Similar results in NACA Tech Rpt 480 (1934).
(7) Influence of wing-tip shape on characteristics:
a) Hoerner, ZWB FB 248 and Fieseler Rpt 16.
b) Kesselkaul, Tests of Wings with various wing-
tip Shapes, Inst.Aircr.Design Braunschweig 1941.
¢) Zimmerman, Small Aspect Ratios, NACA TN 539.
d) Hoerner, Aerodynamic Shape of Wing Tips, US
Air Force Technical Rpt 5752 (Wright Field, 1949).
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Figure 7. Flow pattern past a wing tip, drawn on the
basis of flow observations in a water tunnel (7,a).
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Figure 8. Location of the vortex core in relation to the
wing tip; (a) with sharp lateral edge, (b) on wing with
round edge, (c) flow around wing-tip tank.

the effect that no flow takes place around the lateral
edges. In reality, there is some such flow; and the
reduction of effective span as mentioned above, is
a function of the wing-tip shape. A series of shapes
has, therefore, been investigated on a basically rec-
tangular wing (7,b). Figure 9 presents the plan-
form location of the tip-vortex cores. Shapes with
sharp lateral edges (numbers 1, 5 and 6) are seen
to give the widest effective spans, while rounded
edges result in a loss of effective span or aspect ratio.

Figure 9. Wing-tip shape and tip-vortex location of a
family of wings (7,b) tested at A = 3 and R, = 10°
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Figure 10 presents lift and drag characteristics for
three representatives of the same family of wings.
It is seen that the shapes having the widest vortex
spans, are generally the ones exhibiting the least
drag due to lift.
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Figure 10. Lift and drag characteristics of 3(,0f the wings
in figure 9; having A = 3; tested at R = 10"

Plan Form. Theory predicts minimum induced drag
for elliptical lift distribution across the span, which
means for un-twisted elliptical plan form. Figure 11
demonstrates, however, directly in one case (num-
ber “a” against “c”) that a rectangular wing (with
sharp lateral edges) does not have a higher drag
due to lift than the elliptical wing — while theoreti-
cally the rectangular one should have a lift angle
higher than that of the elliptical plan form by 0.5°,
and a drag function higher by 0.003. The effective
aspect ratios of the shapes investigated have been
evaluated by comparing their induced angle func-
tions with those as indicated by lifting line theory
(equation 4) . The differentials “A A” thus obtained
are believed to apply to all aspect ratios higher than
2. It is seen that the most effective plan forms are
the rectangular, the moderately tapered ones and
those which have a long trailing edge. The “cut
away” shapes, on the other hand, such as “3”, “4”,
“IIT”, and again the elliptical wings (particularly
“II”) are less effective. In other words, to make the
span of the rolled-up vortex system, or the effective
span of a wing of given basic shape, as wide as pos-
sible, it is favorable to keep the tip vortices apart
from each other as far downstream as possible.

Sweep. Another influence found in the tabulation
(figure 11) is an angle-of-sweep effect. (a) In dis-
tinction from wing “II”, the elliptical form “c” has
a straight 0.25 chord axis, meaning some negative
effective angle of sweep. (b) On the other hand,
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Figure 11. Aerodynamic performance of 3 families of
wings as a function of plan-form and wing-tip shape.

shape“IV” in figure 11 has some positive angle of
sweep built into the wing tips. (c) A third piece
of evidence is seen in figure 13, where minimum in-
duced drag is found at some 5° positive angle of
sweep. (d) Finally, characteristics of profiled “delta”
wings are quoted (having straight trailing edges).
Theory (figure 5) predicts that their induced drag
would be appreciably higher than that for elliptical
loading. Some experimental points in figure 4 show,
however, that such wings (if tested at higher Rey-
nolds numbers) have induced drag characteristics
that are as favorable as those of other common wing
plan forms. — In conclusion, a straight trailing edge
appears to be desirable with regard to induced drag.
The rear plan-form corners again appear to be im-
portant for the effective aspect ratio.

Optimum Wing Shape. The results of the “1” to
“B” series of wings in figure 11 correlate with the
vortex span in figure 9 as well as with the force data
in figure 10 — if taking into account both the plan-
form influence and the lateral-edge effect. In case
of number “5”, which is the most favorable one
concerning small drag due to lift as well as to mini-
mum sectional drag, it appears that one additional
effect is the bent-up shape. Experimental data in
(7,c) , on a small-aspect-ratio wing, confirm that this
feature 1s important; and it is suggested that some
small “end-plate” effect may be involved in this
result. Combination of shape “5” with a moderately
tapered plan form is believed to be most effective
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(7.d) ; and there are a few airplanes that have this
type of wing shape. In conclusion, the shape of the
tips can be more important for the performance of
an airplane than the plan form of the wing.

Wing-Tip Tanks. Some wind-tunnel investigations
have been published (8) regarding the influence
of a pair of external tanks attached to the wing tips
as in figure 12. Two effects are evidently involved
in this configuration; (a) span and area of the wing
are usually increased after adding the tanks; and
(b) the tanks may have an effect similar to end
plates (characteristics of which are discussed later) .
Most results correspondingly show an increase in
lift-curve slope after adding the tanks; and some
of the tests also show a decrease of the drag due to
lift. Estimating the influence of round tanks, the
fact must be taken into account that the flow passes
around their outer sides. As suggested in (8,c), only
half of their diameter can thus be considered to be
effective as end plates. Using equation 18, the incre-
ment of effective aspect ratio due to end-plate effect
may, therefore, be AA/A = + d/b. It may further
be assumed that half of the tank diameter, at each
wing tip, is ineffective with respect to the aerody-
namic span of the configuration considered. The
corresponding reduction in effective aspect ratio is
AA/A = — d/b. In a configuration where the tanks
are attached in a manner so that the wing span is
not increased, the two components cancel each other.
However, in configurations where the tanks increase
the span, the net increment of effective aspect ratio
is tentatively

AA/A = 405 (Ab/b) (12)

where (4b),. = 2 d = two tank diameters. The
induced drag can be expected to be decreased cor-
respondingly. There may be a parasitic drag com-
ponent, however, due to interference (with or with-
out flow separation) in the corners between tanks
and wing tips — which (increasing with lift) would
reduce the favorable effect indicated by the last
equation.

(8) Influence of wing-tip tanks on characteristics:
a) NACA, Straight and Swept, RM L9J04 + A50K15.
b) ARC, On Swept Wing, Current Paper 196 (1954).
¢) Hartley, Theoretical Load, ARC C.Paper 147.
d) RAE, Drop Tanks, ARC RM 2951 (1952).
(9) Influence of wing plan form:
a) AVA Gottingen, Ergebnisse Vol.I (1921).
b) Doetsch, Tests of 3 wings, Yearbk D.Lufo 1940.
(10) Induced drag caused by wing twist:
a) Journal Aeronautical Sciences 1936 p.273.

b) Hueber, Zeitschr. Flugt. Motorluft. 1933 p.307.

¢) Lock, About Wing Washout, ARC RM 1769.
(11) Pearson and Anderson, Characteristics of Wings with
Partial Span Flaps, NACA T.Rpt 665 (1939).

Figure 12. Example of external tank at wing tip.

(b) Twist and Related Effects

Wing Twist. To prevent stalling, the tips of airplane
wings are sometimes twisted against the wing roots
so that their angle of attack is reduced. Such twist-
ing changes the lift distribution, particularly in the
range of low lift coefficients. As indicated in (10),
the additional induced drag in wings with nearly
elliptical loading is approximately

AC

02108
i = 4 (8)710

(13)

where AxX = difference in angle of attack of the
wing tips against the center part. A positive com-
ponent of lift exists in this case in the center of the
wing; corresponding negative components are found
near the wing tips. The wing thus leaves behind the
combined vortex system of one “positive” and two
“negative” wings — so to speak. The resulting in-
duced drag is appreciable, even though the total
lift of this wing can be zero. For example, an angle
of twist AX = 5° is expected to reduce the maximum
speed of a fighter airplane (which may be 500 knots)
by some 10 knots. — Near G; = 0, equation 13 is
also applicable to wings with non-elliptic plan form.
In rectangular plan forms, at intermediate and
higher lift coeflicients, the distribution across the
span is expected, however, to change in the direc-
tion toward elliptical, when twisting the wing tips
to more negative angles of attack. At a certain lift
coeflicient, the induced drag of a twisted rectangu-
lar wing will, therefore, have an optimum value.
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Wing Flaps. The variation of the induced drag due
to deflection of partial-span landing flaps, is of prac-
tical importance in the calculation of take-off, climb
and gliding performance of airplanes. The induced
drag of such wings is made up of three components:

2 [ t4d [ ”
Cy, = C/(7A) + “v'GAC + “w” @ach

with AC_ = (dx/d8) & (d(/dw) indicating the two-
dimensional increment of the lift coefficient in those
wing parts that are equipped with flaps (§ = flap
angle) . The first term of the equation represents
the basic induced drag, the third term corresponds
to the twist equation 13. Numerical values for “v”
and “w” are presented in (11), as a function of
flap-span ratio and taper ratio of the wing. To give
some idea on the magnitude of the additional drag,
average and approximate values may be quoted for
the various constants involved. Thus assuming for
dot/dS the value 0.5, and for dC_/do the value of
0.1, the induced drag coefficient is found to be in
the order of

Cy = G/ (TA) + K C (%) + k, (8%

In rectangular or tapered wings, having conven-
tional airplane aspect ratios, the factor kg (indicat-
ing the twist effect) varies only slightly for flap-
span ratios between 0.30 and 0.55; k, = 2.3/10%
The factor k, (indicating a variation of the lift dis-
tribution along the span), is a function of the plan
form. Representative values of k; are included in
the tabulation in the next paragraph. This factor
is positive for triangular wing shapes (having zero
taper ratio); this means that upon deflecting in-
board landing flaps the concentration of lift in the
center part is furthermore increased in such wings.
The factor is negative, on the other hand, for rec-
tangular forms; their lift distribution is brought
nearer the elliptical optimum, by deflecting the flaps.

Flaps in Taking Off and Climbing. The induced
drag due to flap deflection has a practical bearing
upon take-off and climb performance of airplanes.
At a lift coefficient of CL=1, for example, incre-
ments of induced drag over the basic drag, are found
listed as follows, caused by 10° deflection of a pair
of flaps at or near the center of a wing with A = 7:

for wing shape: k, duetok, duetok, total
triangular (max. taper) —-|-5/10" +11% + 5% +16%
optimum tapered wing zero 0% + 5% + 5%
rectangular plan form —3/10% — 9% + 5% — 4%

The result agrees generally with flight-test experi-
ence. Only a comparatively small deflection of par-
tialspan landing flaps can be found favorable
during climb in airplanes having tapered wings.
Rectangular wings, however, show some increase of
their lift /drag ratio at somewhat larger flap angles.

FLUID DYNAMIC DRAG

(¢) The Form of the Lifting Line

Angle of Sweep. Swept wings (or certain other wing
shapes) can have the same induced drag as straight
wings of the same aspect ratio — provided that the
lift distribution is the same. The distribution across
the span of a given wing shape varies, however, with
the angle of sweep. In swept-back wings lift is more
concentrated near the wing tips. Such concentra-
tion can theoretically be eliminated by decreasing
the taper ratio. As indicated in (12,f), a ratio
Ciip /Croot = 0.15 is needed, for example, to make the
lift distribution of a wing having 30° sweepback,
near-elliptical. In conventional airplanes, such shape
would be extremely hazardous with regard to wing-
tip stalling. Realistic swept back wings, therefore,
do not have a distribution which would be approxi-
mately elliptical, and their induced drag is accord-
ingly somewhat higher than indicated by equation
4. This is not the whole story of the swept wing,
however. In a wing, swept back in the plane of the
foil sections, the tips drop below the center part,
as the angle of attack is increased to positive values.
The wing assumes in this way an inverted “V”
shape; and the “lift” forces in each panel are more
and more tilted backward. As a consequence, the
drag due to lift (dC /dCE) is appreciably in-
creased. Experimental characteristics from various
sources have been evaluated in comparison to simi-
lar but straight wings. By plotting the results in
the form as in figure 13, a cosine function of the
sweep angle is found:

dC2/dCy ~ cosh;  dC,/dCE ~ l/cosA  (16)

The origin of this function is shifted, however, at
least by 5°, into the range of positive sweep angles.
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Figure 13. Function indicating the induced drag of swept

wings (12), all tested at R, = 104
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Negative Sweep. Swept-forward wings are rarely
considered or applied in the design of airplanes, be-
cause of certain unfavorable characteristics in the
lateral moments. Theoretically, their lift distribu-
tion can nearly be made elliptical by increasing the
chord in the outboard portions. As demonstrated in
figure 13, their drag due to lift increases with the
angle of sweep by the same reasons as outlined in
the preceding paragraph. It must be said, however,
that swept wings can be designed in which the
“V” shape effect is avoided for a certain value of
the lift coefficient (by giving them a compensating
positive angle of dihedral).

Dihedral. As pointed out in (13,a), when raising
the tips of a straight wing to a V-shape position,
each wing panel approximately maintains induced
characteristics, in the direction normal to the panel,
equal to those of a complete straight wing having
twice the span of one panel. With reference to the
“lift” force normal to each panel (denoted by Cy),
the V-shaped wing, therefore, exhibits an induced
drag corresponding to equation 4 (if assuming ellip-
tical distribution). The lift of such wing (in ver-
tical direction) is smaller, however, than the sum
of the normal forces (L. = N cosl"), while the in-
duced (and the parasitic) drag remains unchanged.
Expressed in form of coefficients, based upon the
panel or developed wing area, therefore

Cp; = CZ/ (7 A, cosr) (17)
with A = developed aspect ratio (from panel dimen-
sions) . Upon turning the two panels up, the span
between the wing tips is evidently decreased, the
effective aspect ratio reduces accordingly and the
induced drag function is increased. However, con-
sidering a family of dihedraled wings in which the

(12) Characteristics of swept wings:
a) NACA, T.Rpt 627; same as reference (4,b).
b) Junkers Results, Rpts $.1943/91 and D.43/46.

c) Letko and Goodman, NACA Tech Note 1046.

d) Purser-Spearman, Tests, NACA Tech Note 2445.

€) Hubert, Yearbk D.Lufo 1937 p.129.

f) DeYoung and Harper, Theoretical Span Loading

for Arbitrary Plan Form, NACA T.Rpt 921 (1948).

g) NACA, Tech Rpt 572 and T. Notes 1093 & 2468.

h) Brebner, “Cranked” Wings, ARC RM 2947 (1955) .

i) ARG, Tests on 45° Swept Wings, RM 2710 (1953).
(13) On wings having dihedral or V-shape:

a) Purser and Campbell, Verification of Vee-Tail

Theory and Analysis, NACA Tech Rpt 823 (1945).

b) Ditwyler, Mitlg Aerodynamik Inst. Ziirich, 1934.
(14) Available theoretical results on end plates:

a) Ergebnisse AVA Géttingen Vol.III (1927) p.18.

b) Mangler, Analysis, Lufo 1937 p.564 (Transl NACA

T.Memo 856), and Lufo 1939 p.219.

¢) CAHI (Moscow) Technical Report No. 58.

d) Rotta, Aerodynamic Characteristics of Wing With

End Plate at One Tip, Ingenieur Archiv 1942 p.119.
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span between the tips is kept constant, the induced
drag function is approximately constant as per equa-
tion 4. Results of a more detailed analysis (13,b)
are plotted in figure 14. The induced drag is some-
what lower than indicated by the panel approach
(18,a) ; and we may say that “V” shape includes a
small effect similar to that of end plates. It appears
that equation 17 or 4 should be reduced by \/ (cosl")
to approximate the result in figure 14.

cm} 20 _ / |
io JC, = const.
oo A for s = constont
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0

0 20 40° 60°

Figure 14. Influence of dihedral on the induced drag; (a)
with constant panels, and (b) with b = constant.

“V” Shape Applications. Considering the moder-
ately large dihedral angles applied in airplane wings,
the effect upon drag is comparatively small. For an
angle of ' = 6° (possibly used in common air-
planes), the induced drag increment (in the defi-
nition as for equation 17) is in the order of 19,
V-shaped surfaces have also been applied in place
of the common tail assembly, combining in their
two panels the functions of both the horizontal and
vertical tail surfaces. This combination amplifies
the complexity of the control characteristics, how-
ever. The “V” tail also induces a torsional moment
in the fuselage larger than that caused by any ordi-
nary vertical surface.

(d) Influence of End Plates

Adding end plates to a wing (see sketch in figure
15) increases the cross section of the effective cylin-
der of streaming air deflected by the wing. Less
downwash and smaller induced angles of attack are
then sufficient in producing a certain lift coefficient.

Height Ratio. Theory (14) considers a lifting line
with elliptical loading which is bent up at both
ends. The induced drag decreases, and /or the effec-
tive aspect ratio increases as a function of the height
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Figure 15. Effective aspect ratio of wings with end plates
(15); (a) as a function of height ratio (h/b); and (b)
as a function of area ratio (§./5).

ratio h/b, as shown in figure 15,a. The effect can
be approximated by

AA;/A = k h/b (18)

where k is equal to = 1.9. The effect is rather
indifferent as to the particular location and posi-
tion of the plates, as shown in (15,h). Within rea-
sonable limits, it thus seems to be unimportant,
whether the plates are moved up or down in rela-
tion to the plane of the wing, or placed nearer to
leading or trailing edge of the foil section, or ar-
ranged in vertical or laterally somewhat inclined
position. Twisting, however, the upper halves of
a pair of plates against the lower halves has an
effect upon the induced characteristics (15,8).

Area Ratio. Experiments with a family of end-plate
shapes (15,c) show that their effect increases some-
how as a function of the chordwise dimension. In
a way, such plates can be considered as “fences”,
making it difficult for the flow to get around the
wing tips. Accordingly, a longer fence is more effec-
tive than a shorter one having the same height.
Figure 15,b presents essentially the same experimen-
tal data as plotted in part a of the illustration, this
time as a function of the area ratio S,:/S, with S,
denoting the sum of the areas of the two end plates.
Correlation is found in this manner according to

AAi/A =k §,./8 (19)

where k is equal to = 1.1. Examination of experi-
mental sources reveals, however, that any end-plate
area exceeding the wing-chord length, does not con-
tribute much. No such results are in figure 15.

FLUID DYNAMIC DRAG

Viscous Drag. The end plates have some profile
drag, of course, and some interference drag origi-
nating at their junctures with wing or wing tips.
On the basis of Cyg = 0.008, and using the infor-
mation on the drag of “corners” in the “interfer-
ence” chapter, the viscous drag, referred to the
wing area S, is found to be approximately

Cp, = 0.008(S./5) + 0.004/A (20)
The equation shows that the viscous influence grows
as the geometrical aspect ratio of the wing is de-
creased. Basically, the end plates have at least the
drag of a pair of added wing-tip extensions (having
the same area). Any such added area naturally
produces more lift for the same price of viscous
drag. Practical application of end plates in airplanes
and for guided missiles, therefore, seems to be re-
stricted to such designs where the plates can also
be utilized for stabilizing or control purposes (16).
Even then, improved characteristics predominate in
an increase of the lift curve slope in these applica-
tions, rather than in the induced drag.

Inboard Plates. Plates have also been investigated
in positions inboard the wing tips. Figure 16 pre-
sents results of a theoretical analysis (14,b). The
effect of the plates decreases upon moving them
away from the tips. By reasons of symmetry, their
effect reduces theoretically to zero upon approach-
ing the center of the wing. An additional “parasitic”
effect in such configurations is shown in the next

paragraph.
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Figure 16. Influence of inboard end plates on the effec-
tive aspect ratio of wings (14).

Single End Plates, placed at only one wing tip
(14,d), have an effect which is somewhat smaller
than half of that of a pair of plates; see in figure
15,a. A practical example of such an arrangement
is the vertical tail surface of an airplane with the
horizontal surface placed on top (16,b). Figure 17
presents some experimental results on such a con-
figuration. With the plate near the top (or near
the bottom), the effective aspect ratio of the fin is
increased considerably. With the plate close to 14
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of the height of the fin, both the induced lift angle
(do(l /dG)) and the drag due to lift ratio (dC,/
dCL ) are increased by some 69, because of inter-
ference of the plate with the lift distribution of the
fin. This effect is further discussed in Chapter VIII
under the heading “induced interference”.
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Figure 18. Drag-due-to-lift characteristics of rotating cir-
cular cylinders (20,c,e) without and w1th end disks. Note
that in this graph too, plotting C (CL) gives fairly straight
lines, parallel to induced theory.

(15) Experimental results on end plates:
a) Ergebnisse AVA Gottingen VolIII (1927) p.95.
b) NACA Technical Rpts 201 and 267 (1927).
¢) NACA Technical Note 2440, A =4 at R = 10.
d) Wadlin-Others, Hydrofoil, NACA RM-L51B13.
e) NACA, Tail Surfaces, A = 3 to 6; T.Note 1291.
f) On 45° swept wing, NACA Tech Note 2229.
g) Clements, Canted Plates, AE Review, July 1955.
h) CAHI (Moscow), same as reference (14,c).
(16) End plate systems in airplanes:
a) Root, Empennage Design, J.A.Sci. 1939 n.353.
b) Multhopp, “T Tails”, Aero Digest May 1955.
¢) Riley, Tail Assembly, NACA T.Note 2907 (1953).
d) Results similar to (c) in T.Note 1050 (1946).
(18) Explanation of the Magnus effect:
a) Magnus (1802 to 1870), Abh. Berliner Akad.
1852, Poggendorf Annalen 1853 p.1
b) Prandtl, Die Naturwissenschaften 1925 p.93.
(20) Experimental results on rotating cylinders:
a) Ackeret, Zts. Flugt. M’'luftsch. 1925 p.49.
b) Reid, Rotating Rods, NACA T.Note 209 (1924).
¢) AVA Gottingen Ergebnisse Vol.IV (1932).

d) Thom, Cylinder with Disks, ARC RM 1623,

€) Without end disks, lift of the “A = 1.7” cylinder

(¢) is so small (in the order of C|_= 1) that it can-

not well be plotted in the graph.

f) Holst, Rotating Wing, ZWB FB 1308 (1940).

g) Kiichemann, Cylinders and Wings, ZWB FB 1651.
(22) Applications of rotating cylinders:

a) Flettner, Werft-Reederei-Hafen 1924 p.662.

b) Ackeret, Rotorschiff, Gottingen 1925.

¢) “Industrial Applications”, Mech.Engg 1927 p.249.

d) Klemin investigated the idea of applying rotors
in aircraft; see Scientific American, 1925 p.343 and
in the August Issue; also 1932 p.362, where a report
is given on rotor-lifted airplanes.

~4&:
d'g/dCL = 18°

Figure 17. Effective aspect ratio of a vertical tail surface
in combination (16,c) with a horizontal plate.

(d) Rotating Cylinders

An interesting application and/or confirmation of
lifting-line theory are circular cylinders rotating
about their axis (Magnus effect as described in ref-
erences 18) . Lift coefficients (based on span b times
diameter d) of considerable magnitude are obtained
in this way. Figure 18 presents experimental exam-
ples plotted in the form of Cp(G2). Three phases
are evident. In the first one, up to velocity ratios
w/V in the order of 1 or 2, the drag decreases
(separation reduces) . In the second phase, the drag
increases considerably together with the lift which
theoretically reaches a maximum corresponding to
C_ =4n = 12.6 at w/V = 4. Still higher coefficients
are obtained, however (on cylinders having larger
aspect ratios and fitted with end plates) in the
third phase, by applying velocity ratios w/V in the
order of 10 or even higher, while the drag increases
progressively, because of what we may call “super-
circulation”.

Drag Due to Lift. Lifting cylinders of finite span
exhibit induced drag, of course. Analysis of figure
18 suggests a mechanism as follows. Because of the
blunt ends of the cylinders, their effective aspect
ratio is reduced, tentatively by AA = 1. After add-
ing end plates or “end disks”, respectively, this re-
duction is essentially recovered, however; and on
account of the disks as such, the effective aspect ratio
is further increased, tentatively by AA =2 (Ad/b)
A, where Ad = dgp — d = increment of disk over
cylinder diameter. Figure 18 shows that this mecha-
nism can approximately be correct in describing the
results. The end disks improve, in other words, the
flow pattern past the ends of the cylinders consider-
ably. Their application is effective both with regard
to lift (including C,,,) and induced drag (20.e).
Besides a viscous component of drag (in the order
of ACp = 0.5), the power necessary to rotate the
cylinder (measured in references 20, a and b) can
also be taken into account in the form of a drag
coefficient. Assuming this power to be due to the
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fluid-dynamic friction on the cylinder surface only
(that is, disregarding mechanical friction), the
equivalent drag coefficient is roughly

ACy =  Ce(w/V)’ (22)

Assuming then, C, to be = 0.003 in the range of
Reynolds numbers R, = w d/v between 10> and
10, this drag component is found to be in the order
of ACp = 0.01 (w/V)3. For example at w/V = 4,
producing a lift coeflicient in the order of 8, the
increment is ACp = 0.27. This much is approxi-
mately 109, of the induced drag (at C| = 8) of a
cylinder having an effective aspect ratio of b/d = 10.
All in all, a rotating cylinder of that aspect ratio
(with a pair of small end disks) can be expected to
have a minimum drag/lift ratio D/L = 1/5 at C_
= b. For comparison, a profiled wing, having the
same span as the cylinder, would produce the same
maximum lift (in pounds) if made with a chord
== (2/3) of the span. Its drag/lift ratio at a C_ =
0.75 (on wing area), giving the =~ same lift (in
pounds) as the cylinder has at C; = 5, is estimated
to be D/L. = 1/6. This value is not very different
from that of the cylinder as quoted above. The wing
would be much more efficient, however, in the range
of smaller lift coefficients.

Flettner Rotor. The lift produced by wind in a
rotating cylinder is of some importance in the ballis-
tics of spinning projectiles. The only engineering
application of the Magnus effect attempted so far
is in Flettner’s “rotor ship” (22) . Utilizing the wind
in 2 manner similar to that of sailboats, this ship
has crossed the Atlantic, propelled (or assisted) by
two cylinders rotating about their vertical axes. —
Circulation and lift due to rotation are not restricted
to the circular cylinder. A rod having the cross sec-
tional shape of a “cross” (20,b) and an ordinary
foil section (20,f) have also been tested and found
to produce forces similar to those of the cylinder
when rotating about their axes.
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Figure 19. Effective aspect ratios of biplanes (26).

FLUID DYNAMIC DRAG

3. DRAG IN VARIOUS WING
ARRANGEMENTS

Only monoplane wings, unaffected by any bound-
aries in the fluid space, have been considered in
the preceding sections. Placing now two (or more)
wings closely together in biplane- , tandem- or any
other arrangement, they have an effect upon each
other’s aerodynamic characteristics. Several types of
such configurations are discussed as follows.

(@) Biplanes and Similar Configurations

Biplane. In the early days of aviation, the biplane
was a very popular type of airplane; and its aero-
dynamic characteristics have theoretically been
studied, as a function of gap or height ratio, span
ratio, stagger and decalage (26). All these param-
eters have an influence upon aerodynamic efficiency.
However, the most important one is that of the gap
ratio “h/b”. Aerodynamic characteristics of a bi-
plane composed of two identical panels, each carry-
ing approximately half of the combined load, are
indicated in figure 19, in the form of the effective
aspect ratio. If defining the geometrical aspect ratio
as A = b° /S, where S = combined wing area of the
two panels — the effective aspect ratio grows from
Aj=Aath/b— 0,t0 Aj =2A, at h/b >0, The
condition at h/b = 0 means a monoplane with the
same span, but with twice the chord of a biplane
panel. For larger values of h, we have evidently two
wings flying independently of each other. This case
is treated further under the heading “flying in for-
mation”. In the most efficient biplane, the panels
are not necessarily equal in dimensions. For