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I.
INTRODUCTION.

There has long been an uncertainty in the
minds of aviators regarding the effect of the wind on
the flying qualities of an airplane.

Some pilots claim that it is much easier to
turn into the wind than with ift%hat, at any altituaie,
they can tell the wind direction by the feel of the
ship in a turn and this even though in a dense cloud
which would preclude the possiblity of obtaining their
relative motion from any stationary object.

Other pilots maintain that, regafdless of
the wind velocity»or the proximity of the grdund,
there is no difference in the feel of the plane when
turning into the wind and when turning with it. They
claim that any apparent difference.is due whoily to
the pkychological effect on the pilot,resulting from
the difference in ground speed in the two cases,and if
there is any difference in the ship*'s performance, from
a time altitude standpoint, it is because the pilot
handled the controls differently. 'In other words, if
the pilot were blindfolded he could not tell the wind
direction when turning and a turn made into the wind
would be identical with a turn made with the wind. This

is, of course, considering the turn in relation to the
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medium in which it is being executed and not in relation
to the curves traced out in the ground.

There is a similar differencé of opinion re-
garding the effect of a strong wind on the rate of climb.
Experienced pilots are about evenly divided, half feesl-
ing that a plane climbs better into the wind, and the
other half feeling that the wind makes absolutely no
difference.

fbe following questions wers asked some of
America's leading pilots and their monosyllabic answers

follow in tabulated form.

Assuming that the air is free from vertical

currents, and the ground surfice level:

1. Is there any tendency to stall or "fall off”

when turning with a strong steady wind near the ground?

2.(2) If there is a difference could a pilot feel
it if he were blindfolded?
(b) Eveﬁ though he felt no difference would his

turns be differeat into and away from the wind?

3. Can a plane be climbed faster into the wind

than it can when going with the wind?

4 If there is any effect, due to the wind, would

it be apparent at higher altitudes, say ig,agojy
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Pilot Question

1 2a 2b 2 4
Lt. J. A. Macready, U.S.A. Yes o — Yes No
Lt. H. R. Harris;, U.S.A. No No No No No
Mr. Art Smith, Bif. Mail Yes — - No Yes
Capt. Lowell Smith, U.S.A. No No No N6 No
Lt. Bric Nelson, U.S.A. Yes — —_ Yes No
Lt. Leigh Wade, U.S.A. Yes No No Yes No
Lt. Rqssell Maughan, U.S.A. Yes — Yes No No

The answers given above are the results of
‘actual observation in free flight and do not deal, in any
way, with theoretical considerations. That is, there
might;actually be.a difference in turning with and against
the wind,but if this difference was not great enough to
enable the pilot to detect .it, either in the feel of
the controls or the reaction of the ship, his answer
would be;that-there wWas no difféience.

Lt. Harris and Capt. Smith, whose observations
areAin agreement with each other but at variance with
all the rest were the most positive in their,assertions.

Lt. Macready, in hisrexperienée with the'Té

when he and Lt. Kelly were setting their endurance
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record, observed that there appeared to be a difference
in the feel of the ship when turning with;aud into the
wind while the plane was heavily loaded.

‘Art Smith bases his opinions on experience
with the early. airplanes which, bécauséoef their low powered

moiofs,and poor aerodynamic characteristics, flew

‘very.ﬁoorly at best.

Lt. Nelson took his heavily loaded World
Cruiser off the water at Hong Kong, China,into a 20
mile an hour wind. He turned to go with the wind and
was unable to prevent the plane from settling until
he came'to the lee of an island where, in the combara-
tively quiet air, he was able to turn and as soon as
the plane was nossd into the wind was able to climb

again.
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II.
THE WIND VELOCITY GRADIENT.

" In the work which follows, the terms "Velocity
Gradient" will be taken to mean the rate of change of
wind velocity with respect to altitude and will-be given
in feet per second per foot.

The main factors affecting the velocity gradi-

ent at any given point are:

(1) Convection currents resulting from temperatnre
differences.
(2) Turbulence due to large distant surface ir-

regularities.
(2} The_natufe of the ground surface in the im-
mediate vieinity. |
(4) Thé wind velocity.
The first two,affect,primarily, the gradient
at altitude and thetlast f%%fgéarea the ground.
Experiments made in England and published in
"Reports and Memoranda" #29¢ and ¥531,’Advisbry Commi t—
tee for Aeronautics, indicate that very nsar the ground,
if the surface is level and fairly smooth, like the
average Government Flying Field, the'velocity grédient
varieskdirectly as the velocity ahd inversely'as the
altitude,’following, very closély, the approximation

formula
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A\ g Va0
dh

D‘|<

Velocity Gradient = (1)

where V40 is the wind velocity at forty feet and h is

the height at which we desire to determine the gdradient.
‘If the surface is absolutely smooth and for

altitudes greater than‘fqrty«feét'a closer approximation

is obtained if we use the formula

where V 1is the wind velocity at the -altitude h.

Both of these formulas were obtained by plotting
velocity curves from the data cited, drawing -tangents,
deﬁermining the slope of the tangents, drawing curves
of slope against altitude at various velocities and de-
riving the formulas which most nearly fitted these
curves. They may be used interchané?blyvin the vieinity
of 240' as the difference in the results obtained would
be no greater than the errors in experimental measure-
ments or the variations due to instantaneous velocity
fluctuations, being of the ofder of 94 at 25' and 184
at 100'.

Hellman gives the following formula, which
ds generally accepted by meté}ologists, for the-average

wind velocity at any altitude:
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v=7.0h% (?)
differentiating

dv - 1.4 -%

dl = 1.4n (4)

This becomes identical with (2) ‘when the value of V,
as given in (R3), is substituted.

‘The velocity at any altitude up to forty feet
may be obtained by integrating ().

This gives

v = (1 + .2ln B
V="V, + .2ln 40) (5)

It may be seen ‘that this formula does not
hold for h = 0, giving a negative value for the ve-
locity where,we know it to be zero. The zero value
of the velocity occurs at h = .27'. This does not
affect the accuracy of our work, as the lowest lifting
surface of -an airplane, the wing sometimes placed on
the-landing gear‘épreader"bar, is never closer ‘to the
ground than one foot and the main lifting surfaces are
‘rarely éloser than three feet. If we‘desired“to work
under h = _5', actual conditions would be more closely

‘approximated.if, in the solid curve on page 11, a tan-
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gent -were 'drawn from the origin to the curve. This
‘tangent would meet the curve:at h = .5.

Formulas (1) and (2) give the general
donditions-near:the ground but only average conditions

‘at altitude. This is due to conditions being fairly
steady in the immediate vidinity of the earth's surface
but decidedly erratic above a few hundred feet. The
‘degree of this erréticainess<is indicated by the fact
that a velocity gradient-inﬁersion often occufs between
one and fivefthousand'féet. Above six‘thousahd'feet
‘the flow denerally becomes fairly steady again, foiiow—
ing formula (2) +to an altitude of about 20,000' when
‘énother gradient :inversion often occurs. The diffi-
culty encountered in predicting the gradient, even-in
this second region of comparatively steady flow, be-
‘comes ‘apparent when we observe that at 20,000' the

formulas give
av - :
dh - .0005

and data contained in "Aerology", a pamphlet published
by the U.S. Naval Aerological Observatory :at Pensacola,
Florida,indicates that a value of .002 :is not un—
‘common for this altitude.

If there are 'hills, tall trees, high build-
.ings, or other obstructions nearby, the fldw is disturbed
‘and ‘the variations from mean conditions become so great

that it is impossible to predict the flow.
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Obviously then, if quantitative results are
.desired .in. any testis depending -upon the velocit& gradi-
ent, they must be made over a large flat area, free
from obstructions, and preferably on a day when the
sky is completely:overcast or at night, in order to
eliminate local convection currents. Even when these
precautions are taken, the fact that in our present
‘state of knowiedge we ‘are ‘undble to predict éther
meteorological phenomena with unfailing accuracy
indicates that the previously cited formulaS'are not
rigorously correct; but the cbnsistency with which
they check experimentally obtained data justifies

their use, asa first approximation, at low altitudes.
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| I11.
THE EFFECT OF THE WIND VELOCITY GRADIENT ON LIFT.

‘The object of this paper is to determine the
effect of the velocity gradient on the flying character—
istics of airplanes,:in level flight, in a climb and
when turning.

Applying first the principles of :applied
mechanics:

It is obvious ‘that, regardless of the altitude
or wind velocity,‘if an airplane ‘is flying level, the
‘velocity gfadient will have no effect and it should
.make‘aBSOIutely'ﬁo difference whether the airplane
- vwise flying with the wind,‘against-it,or across it.

If the airplane is climbing into the wind
at a constant air speed the increasing velocity of the
wind acts as a force assisting in the climb. Converse-
ly, if ihe airplane is climbing with the wind this force
tends to decrease the rate of climb.

The time effeci of this force in the direction
of motion is

t

Jo 5555 dt = n(Va—Vo) (6)
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and the space effect-is
[01 —F_ ds = 2 n(vs - V) (7)

where F is the component of force in the direction
of motion, & is the angle between the flight path and
the wind direction, which 'we assume horizontal, and
Ve; and V., the wind velocities at two altitudes.

| ‘Formula (8) gives the change in momentum
resulting from the force and formula (7) the change
in kiﬁeticfenergy resulting from the work done by the
force. |

A more useful form of (8) 'may 'be obtained

-as -follows:,

= =g &=, dV . dh -
F=mnma m'dt m T (8)

Thattis,'the‘force"which~acts on an airplane,
‘as a result of the wind velocity gradient, is the com—
bined product of the mass of the airplane, the wind
velocity'gradient'and‘the rate of climb. VThe;component
of this force in the direction of motion would be

F cos ‘6 where © is the angle between the flight path
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‘and the horizontal.
As ‘an example of ‘the effect of ‘the wind velocity
gradient on a given plane let us -assume an airplane having

the following characteristics:

Weight = 4000 lbs.

Rate of climb = 1000'/* ;‘16.67'/"
Speed of climb = 1197/"

P = 400

Propeller efficiency =  85%

The thrust: is then

40.9;55Q__Ll%o-~ €5 = 1200 lbs.

The accelerating force at 10' ‘in'a 50'/" wind is

24.2 » (.290) x 16.
124.2 » (. 10) x 16.87
110

.988 = 18.6 1lbs,

This is 1.43¢ of the total thrust;and as the
rate of climb is a function of the excess HP, which in
this case would 'be about 70g of the total available Hp,

the increase in rate of climb would be ‘about 2¢.
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The force at 200' under similar conditions

is

a negligible amount.

s the velocity gradisnt and the rate of climb
decrease much more rapid’ly than the ratio of available
B to excess HP increases, the effect of this force ﬁill

continue to decrease as the altitude increases.

In a turn, during which the altitude of the
center of gravity of the' airplane is held constant,
the mein effect of the wind velocity gradient is to

.cause over banking when the plane is turning with the
wind and under banking when the plane is turning into
the wind. This is due to the increased wind velocity
acting on the upper wing and would be measurable only
when very near the dround.

When turning away from a head wind, so
close to the ground that the velocity gradient can
no longer be considered a straight line over a vertical

distance equal to the projected height of the banked
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dirs

airplane there will be a net loss in lift for the.§0°
of turn, resulting from the increase in the 1lift of

the upper wiﬁg, due to the gradient, having an absolute
value less than that of the decrease in lift of the
lower wing; and therewill be a net gain in 1lift for

the next 90°. If the turn is continued there will be

a net gain in lift for the third 90° and another loss
for the fourth 20

In a normal turn near the ground there is a
tendency to climb during the turn. If a turn is
started inmediately after taking off into a strong wind,
the velocity aradient will aid the climb for the first
90° and oppose it for the next 90°. 1If the turn is
continued, the velocity gradient will oppose the climb
for the third 90° and aid it for the fourth. This
effect is exactly the opposite of that cited in the

paragraph immediately precquding,and would owerrule it
if the climb was steep or the curvature of the gradient
slight. This is the deneral case,and accounts, in part,
for the feeling of loss of speed,or sinking,after the
first 90°, The pilot endeavors to keep his angle of
climb constant,and this can be accomplished only by
éncréasing the angle of attack,which in turn decreases
the speed and, if the plane is already near its best

angle of climb, causes stalling.
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IVC

CIRCULATION.

Air is a fluid of slight viscosity which,
under the cbndit&ns ordinarily met with in aerodynamics, may
be considered perfect, ‘that is, devoid of viscosity and
incompressable.. This is not strictly true,but the compres—
sion in'front of ‘a body moving at 250'/" is only about 3,
and the consideration of viscosity.renders the mathematical
treatment extremely difficult and would have very little
éffect oh the final resulté. ‘Ordinarily we consider the
‘air viscousiy only long enough to. set up a desired form
of;flow,apd then neglect the viscosity in the étudy of the
flow. This, at first, appears to be :&a very approximate
manner of ‘approach,but the check bétween theory and experi-
ment justifies:the means, |

The simplest types of flow are:
(1) That in which the fluid particles move along
parallel lines at constant velgeity. vThe angular veiocity
is zero. ‘
(2) That in which the fluid particles move in
6oncentric circles sgffhe velocity is always. proportional
to the distance from the center. The angular velocity is
constant.
(3) That in which the fluid particles move along

’straight parallel lines but with velocities proportional
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to their distances from a fixed line where the velocity:
is zero. The angular velocity.parallel‘to~é streamliﬁe
‘is zero,and a maximum across it.
(4) ~ That in which the fluid particles move in
éoncentric circles sgf%he velocity is. always ‘inversely
proportional to the distance from the center. The
‘angular velocity is in one directidn along the stream-
‘lines and in the opposite direction across them. |

If we call the rotation the sum of the andular

velocities of any two directions perpendicular to each

other we see ‘that (1) and (4) are irrotational and: (2)
and (2) rotational.

Flows (1) and (4) can be produced by a differ-
ence in pressure alone and '(2) and (3) only by
friction or"viécosity. This explains why we mﬁst consider
viscosity in the setting up of certain types of flow even
tho we are forced to neglect it thereafter.

The fourth type of flow is extremely important
in that it is the simplest representation of a vortex.

We stated,in this type of flow, that the velocity was
inversely proportional to the distance from‘thé center,

or
Vcl
. ¢
At the center, then, where r = O, the velocity would

be infinite. As we cannot deal with infinite velocities
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and, in fact, do not admit any such thing, we must exclude
‘from our calculation a small region near the center, |
which we will consider rotating as a solid and neglect.
‘In the irrotational part of this flow (all of it except
the negligably small center) it is only necessary to
know the tangential velocity at any point and the dis-
tance of this point from the center in order to com-
pletely determine the flow. More generally ﬁe speak

-of the circulation, T',;, of a vortex which is 2n times

the velocity at a unit distance from the center. The
circulation of a vortex:is constant around every stream-

_ 1ine,as the velocity decreases in the same ratio that
the radius increases. This enables us to dsteramine
‘the strength of 'any vortex, knowing the velocity and

the location of the nucleus, as

P=2nrV (9)

I1f, at any point in a fluid, we determine
the instantaneous axis of rotation and then move along
this axis an infinitesimal length, we shall find a new
direction=of the instantaneous axis of rotation. The
curve traced out by successive movements. in this manner
is called a vortex line. The surface generated by a
vortex line which is mo%ed alang a small cloéed.éontour
is called a vortex tube, and the contents of a vorte# -

tube is termed a vortex filament..
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There is a geometric analogy betweeqhortex lines and
streamlines in that the former correspénd every_where
with the axes of rotation .and the .latter everywhere

with the direction of the velocity.

Z
/,C
//
b -~
r dz
AT
| 0 x
s

In order to determine the circulation around
the elementary rectangle dy dz, let the components of

velocity at O be u,v,w. Then at a the velocity along
.z will be

ow
w o+ =4
9y y
The circulation along a b 1is
9W3v)4
(w + Sy y)dz

and along ¢ O

w(-dz)
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The velocitv.along y at b is

v + 9 gz
092

The .circulation along b c .is then

(v + 2 4z) (-dy)

and along O a
v dy

The sum of these circulations gives
= d dz aﬁ - a! = |
Y y (ay az) E

where £ .is the rotational component about

the x .axis so

i = 2 & do

That .is, the circulation along the contour
do, normal to the x .axis, is equal to the surfaée
of the contour by twice the .intensity of rotation .about
the x .axis. .If w .is the angular velocity of rotation
.about any axis and a the angle between this .axis .and
the x .axis, the circulation around the x axis is then

‘twice the product of the projection of this velocity
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on the x .axis “and the cross sectional area of the

vortex tube, or

Yy = 2w cos & do :(10)

A simply connected body is one .in which any
closed curve in the body can be reduced to a point with-
out going outside the body. The volume of a fluid is
.simply.connected;as:any contour can be reduced to a
point.withoutrgoing outside the fluid. 1If we take a -
closed contour and break up the surface :into infinitesi-
mal.rectangles,there:will bevtwovequal.ana opposite
.circulationswhich will tancel each other, along every
line .except the bounding .contour. We may then say
that the circulation around the contour is equal to
the sum of the circulationsof the elementary rectangles,

or

T =2y
From (10)

T= 23 wcos a do

or '= 2ff wcos a do (11)
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This.is Stokes Theorem and states that:

The circulation around a closed contour is
equal to twice the sum of the intensities of all the

vortex tubes passing thru the contour.

Helmholtz's Theorems will be stated without

proof and are as follows:

I. Tke movement of a fluid particle is composed
of traaslation, deformation;and fotation.

II. The strength of the vortex, along a vortex
tube, is constant.

III. | A vortex tube is always composed of the same
“fluid particles. '

“IV. The intensity of a vortex tube is constant

throughout all of its motion.

Thompson's Theorem states, :in substance, that:

4 closed contour, made up of the same fluid

particles, can never cross a vortex tube,.
(9) may be derived by means of Stokess theorem, and
from Helmholtz's second theorem

I'= 2 roVo (12)

where V, is the velocity at the sqrface of the vortex-

tube and rg its radius.
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The velocity .at any point is then

V=

Lo v, (13)
r

and the pressure,from Bernoulli's equation,is

A To-2Ve'®
p =.const. - %3 = const. - B (14)

It is seen from this that the pressure decreases
as r dscreases.

We may also consider circulation as the line
-integral of a velocity, in the same way that work:is the
line integral of a force. The circulation along a curve

8 from A to B is then

T = fa

A

V.cos 8 ds (15)

where V is the instantaneous velocity, © the angle
between the direction of the velocity and the curve;and
ds an infinitesimal distance .along ‘the .curve,

I1f there is a velocity potential ¢, then

\ cos-é'=‘%§ (18)

and

. .B -
r=/ ggds =9, -9, (17)
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where ¢, is the velocity potential at the point A

and @a ‘the velocity potential at the point B.

In a plane parallel flow.in which the fluid
is moving élong'a smooth level surface, the particles
in .immediate contact with the surface are at rest. If
there were no viscosity, the succeeding particles would
slide over them and there would be no rotation. What
actually happens is that, due to viscosity, the next
layer of particles is rétarded‘and each succeeding
layer .retarded less until at some distance the rota-
tion becomes negligible. .In the immediate neighbor-
hood 6f'the surface it has a éonsiderable valﬁe. The
‘thinner the boundary layer the more:rapid the trans-—
formation and the greater the rotation.

| The éase with which we are to deal is of
this general nature and the velocity has previously
been shown to follow the formula

or v=7nt (3)

<i
I

= Va:(1+.2 1n %6) (5)

We may then determine the circulation around
any wing section.due to the wind velocity gradieni,by
using (15) aﬁd.integrétiﬁg around the oﬁtside boundéry
of the section. -As this boundary curve is not readily

expressed as an analytic function the easiest method
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is to plot the wing section, determine the values of
the function, V cos 8, ‘at various poihts, plot these
to some convenient scale,.and obtain the area under the
curve with a planimeter.

This was done for anR.A.F. 15 section, similar
to that used in the DH4M1 airplane. The plot: is shown

on page 28 and the tabulation is given below.

Chord  Ordinate Velocity 9 Cos © V Cos 6
0 (top) .0033 .0123 -57% .545 .0071
10" .0500 1080 -10% .985 1089
20" .0578 .0e8 - 4° <997 .0€8
2 .0581 .088 + 10 1.000 .088
4 " .05%0 1088 + 20 1.000 L0885
.5 " .0817 .082 + 8% -999 -082

8 " .0463 .058 + 4° .998 .088
7" .0399 .050 + 5° .996 .050
8w .0322 .042 +78% .994 .042
90" .0225 0325+ 7% 2992 .032
1.0 " :0100 2020 + 9° .988 1020
1.0 (gastom) 20005 L0108 +174% - 2994 -.010%
90 .0035 .0085 +177% - 2999 -.0085
8 " .0085 20035 +179% -1.000 -.0035
7o -0069 002 +181° -1.000 -.002
.6 " .0052 005  +185% - 2998 -.005
P .0023 008 -+182% -1:000 -.008
4" -0002 .010  +180®  -1.000 -.010
2" .0009 009 +177™ - .999 -.009
2 " .0050 005 +174% - .994 -.005
P .0102 002 +179° -1.000 -.002
0" -0033 1013 +208% - .908 -.012
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The area under the curve is 9.25"%,
The scale is. 1"2 = ,1 x .05 = .005
As we considered a unit chord and unit gradient,

the effect on any R.A.F. 15 wing would be expressed by
L= .0485 » %‘57 x (chord in feet)? (18)

From the forégoing discussion and the simi-
larity of the diagrams shown on page 22 we are led to
suspéct that the circulation, due to any given wind
velocity gradient is independent of the shépe of the
wing section and depends only upon the area included
within its bounding contour. The proof that this is
actually the case, provided the wind velocity varies
as a linear function of the altitude, follows. We know
tha:t the wind velocity does not vary as a straight line,
but, éver the distance affected by the wing, (its projected
height), the approximation is very close. .If we consider
the wind directed along the positive direction of the

x axis, and zero at the origin, then
V=ky

where k is a function of %g and is constant when the
wind velocity varies as a straight line. Consider two
points A and B in the x,y plane joined by any curve

whatever. The area under this curve is

Ay = .£b Y1dk1
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The area under any other curve joining these points is
b
A, = f.‘ yde2

If we consider the first curve to be the upper boundary
of ‘a wing section and the second curve the lower boundary,

then the area of the wing section is
b . b
A=A, - Ay = f‘ y.dx, - f. Ve ) dx ,
but

y ='¥ and dx = cos 8O ds

so
A= %[Lf Vicos 0.ds, = Lf V.cos 8ds ]

but. this integral is exactly the circulation around
the wing due to the wind velocity gradient.
The circulation around any wing due to the

gradient is then
L=ka
From (18) we have then, for any wing:

L= kq %g c? (19)



where k, 1is a constant depending only on the area
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of a wing section of unit chord and ¢ 1is the chord in

The values of the

for some of the more common wing sections, are tabu-

~lated below

Section
R A F 15 (mod.)
RAF15
Eiffel 2¢
Albatross
‘Curtiss C82
US4aZ27
Clark Y
Gott 387

The prece ding reasoning also shows that

constant k, ,

k,y
.0481
.0455
.0485
.0487
.0541
.0795
.0811
.1035

calculated

the circulation due to gradient is unaffected by chang-

ing the angle of attack,as long as we consider a straight

1line variation.
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VI.
THE KUTTA-JOUKOWSKI THEORY

In the work which follows, the notation adopted
by:the National Advisory Committee for .Aeronautics will
be employed. In this system’the onigin?taken at the
center of gravity of the airplane, the x axis corresponds
to the longitudinal axis and is positive toward the tail,
the y axis is:the lateral 'axis and is positive to the
left,and the 2z .axis is mutually perpendicular to these

and positive upwards. Furthermore

X is the .component of force along the x axis,
Y is the .component of force along the y axis,

7 is-the component of force along the z axis,

.u.is the component of velocity.along the x .axis,
v is the .component of velocity.along the v axis,

w is the component of velocity along the z axis,

A flow, such that all the particles of a fluid
flow parallel to.a fixed plane is called "plane parallel
flow". .As the fluid flows parallel to the plane, the
component of velocity normal to ‘the plane is.zero. .If
there ‘is .no rotation;there,exists.a velocity potential.
If we use the fixed plane for the xy plane and o9 for
the velocity potential, the components of velacity along

the .axes are
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n.="St and v =22 (20)
differentiating
dx  3x? an dx- 2y? (21)

The equatian of continuity .in plane parallel
flow is

2fow) , 3lov) - g
ox oy

But .if the fluid is considered .incompressible

“the density,is.coﬁstant,and’this‘becomes

QL =9 (22)
X oy

-and from (21)
@3.@. 339 = (23
ox?2 * oy 2 0 (22)

This is. the equation of Laplace for a function
of ‘two variables.

.As~the velocity, .at .any point in a fluid, is
directed .along the tangent to the streamline :at that
point, the projections of the .component velocities,

u ‘and v; on the coordinate .axes, ‘are proportional to

‘the projections of ‘dx and dy, which are the components
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of ds, :an element of the curve representing the stream—

:line. That.is

‘dx . dy
u v
udx -vdy=0 (24)

This.is the differential .equation of the

streamline. If we .let

udx-udy=4g¢ (25)
then
d¢‘=,0 or w = const.
This function v .is called the stream-function.
from .(25)
u=29¥ apd v=-20¥ (28)
oy ox

and from .(20)

¥ V. 9y = ox

‘from this
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or

zg%g.
|

o
). S
MW
oy

This is the .condition for orthogonality, and
if we consider the two families of curves, ¢ = const.

and w = canst.,they form an orthogonal :net work.
If we consider any closed contour, -exposed to

a non=rotatianal .current having a velocity Vo at .infinity

and directed along —-x, and take a velocity potential

where . f satisfies Laplace's .eguation (23

then
u=32=_v0+3._f. )
oxX ? )
) (29)
v = 22 - of )
3y 9y )

As we éo farther and farther .away from the
center of ‘the .contour, the :circulation approaches more
and more nearly that around a rectdlinear vortex fila-

ment, .in which the individual particles describe con-
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.centric circles. TIf then, we consider a circle of
:large radius R, .concentric with the contour, 'and

remembering that:at .infinity

we see that for any point on this circle of large

‘radius

The pninciple of the conservation of momentum
‘states thmt .no momentum can be.lost .and therefore any
momenfum.which the .body, ‘represented -by the original
contour, has'must be accounted for by the momentum .im—
parted ‘to -the.airstream. 'But momentum is mass times
‘velocity, or forcé dividéd by time. Force.is then 1the
Vraielofxchange of momentum or'thekchange.in momentum
_pef:unit of time.A The reason for making a paint of
‘this simple relation.is that . in the work which follows
we .use the princible‘of the conservation of momentum
-to prove :a pointfzndﬁkhe equations which are set up

we .are dealing with forces and .not momentums.
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If we compute the rate of change of momentum
of ‘the fluid bounded;by the circle of radius R and by
the original.contoun,‘theiforceS‘which;act on the fluid
must:be.equiiibrated by the forces due to the fate of
‘change of momentum of the fluid. |

Let X and Y .be .the .components of pressure
:whichfthe'flﬁid;exerts on the .body, p ‘the hydrodynamic
pnessurezacting on ‘an element, ds, of the large circle and
« and E the angles made, by .an .interior drawn.ﬁormal
‘from :this .element, with the x.and y‘éxes. The velocity
at ds;is-V,whichbmayfbe.broken.up.into.itsucomponents u

-and ‘v .where

V= Ju2 + v?

The component of 'u perpendicular to ds.is
.u .cos «,and ‘the compaonent of v perpendicular to ds is
v .cos F. The mass of the fluid which enters the circle
thnu.ds;uin,unit time, or the rate‘at which the fluid

enters, is
o(u cos & + v .cos t)ds
but at infinity

u=-Vg + 9f apg v=2f
: X oy
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so on the circle of large radius
p(u.cos a + v cos F)ds = pR?Vo+%£)cos a+%§cos Elds

If we multiply this latter gquantity by the

components of velocity
V’f,,,i-@i and 2of

OX : ‘By

we obtain the projections of the rate of change of
momentum ;:along the x and y ‘-axes. Considering all

the forces.acting,we bave
-X+[p cos @ ds+pf(—Vc*%£)[(—Vofgijcos a+g§cos Elds = 0 (20)

.and

-Y+[p cos ﬁdS*Pf(%g)&-Va*gf)cos a+§§cos Plds = 0 (21)

In. (20) =X is the reaction of the body against
the fluid, :a force. fp cos a'ds .is the x component
of - the hydrodynamic pressure, .a force. The last integral
Ais the product of the =x momponent of velocity and the

rate of change of momentum, another force.
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‘Phe ‘hydrodynamic pressure .is expressed by the

‘formula

p = const. - % pV2
=.const..—'% plu? + ve)
= - 1. 'y f.of 2fye2
= const — < p[Ve:2—2Vo2L+ 3
: 2 p[ o QBx.(ax) (ay) !

Substituting this value for p .in the force equations
‘we obtain

. =-»%Vd?fcos a ds+p Vofg§°05 a ds - %f(%f)’cos o ds - %
NPT IAY - (of., dt)2cos « ds
2f(ay) cos o ds — p ng%;cos « ds + pf (S

¥ -] . -
+pf,32,§§ cos B ds = p Vof [(-vof%f)cos o+ %gcos Flds

rfy2c0s ¢ ds

Y = - & v2fcos E ds+pVofoe ds - 2
5 Vo fco P °fax°°s Eds - 22
—-pr(of)e . ds — ?f cos o 4 f 2
‘zf(ay) cos f ds - p Vofay cos s + pfaxay' cos « ds

+ pﬁ(%%)’(cos g ds

Neglecting second order differentials and terms of the
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form fcos « ds, .as the former are small .and

the latter zero, from

, 2t
!;_ .cos « ds = Rf:n,cos «do =0,

we obtain

X =,—pVof[(—Vo+§i)cos « + 9f cos Flds
ox oy

But this is the total mass of fluid entering and leaving
‘the ‘eircle of radius R and, as the fluid is considered
incompressible, the total amount cannot change; so the

same amount 1eaves‘as”enters,andﬂtherefore

X=0

gimilarly

Y = -p Vofaicos a - Qicos #)ds
oy ox

but”%%cos a,+’%§ cos £ .is the projection on.a tangent

to -the circle of that part of the velocity .which depends
upon the function f, Fherefore, the integral represents
the,cinculation around the circle of radius R. .As .we
étartedzwith the assumption -that .there .were no vortices
between -the .contour .and the large .circle,this is .also

‘the .circulation .around -the .contour; so

Y=-=p Vgl
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This is the Kutta-Joukowski theorem and states
that:

P/hen»a current, whose velocity is V, at infinity,
flows along any closed contour, and the circulation around
the contour is T, the resultant of the pressures of the
fluid is equal to the product of the vector, representing
‘the velocity at infinity, by the circulation and by the
density of the fluid. Tke direction of the force is
obtai:%f/:,g'hye vector, 16 ,90° in a direction opposite to
the circulation.

Putting this in other words, we have, for

‘any portion cf :a wing of infinite span, in a perfect

fluid

Drag = 0 (32)

Lift = p TVel (223)

where 1 is the length of the position considered.

Another method of arriving at the same result

is by means of the complex variable. Suppose we take

z=X-1y
and consider

F(Z) = 9 + %y

where ¢ and y.are real functions of x and y.
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Taking partials we have

3-9+i§.".’-_-
99X 9

b
2R
|
=
O),Q)
<18

equating reals and imaginaries

3&:3& and 32 =‘_3.‘!!
°9x 9V. ?y 99X

From this we see that there exists, between the functions
of 9 and w, when considered as functions of the complex
variable, z, the same relation that existed when they
represented'tﬁefvelocity potential and the stream function.
This property of the complex variable furnishes a means of
obtaining any desired type of flow. 1In order to do this,
Awé take different functions of z and group the real part
9 ‘and the imaginary part iy where, as before, ¢ is the
velocity potential and y is -the stream function.

‘Joukowski shows that we may take any simple
flow or combination of simple flows .and by .a .conformal
transformation develop any complicated flow we may

desire. That is, if we take

x +1iy

N
1}

and let

F(z)

o+ iy
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represent the original flow then the transformed flow may
be expressed by

T=E+4din

wnere :¥, is some function of z such that for each
point?.(x,y) in ‘the original flow there corresponds
‘a poiﬁt‘(ﬁ,h) in the transformed flow. Then .if the
.equipoientialllines @ = const. and the streamlines
v = const. formed an arthogonal network in the ori-
- ginal current, the transformed :lines will also form an
orthogonal net work. .At infinity the two currents
‘have thé same direction and the ﬁelocity.of the trans-
formed current is some constant times the velocity of
‘the original current. Critical points in the trans-
formed correspond ‘to ckitical points in the original
current and the .circulation is unaltered by the trans-
formation.

| ‘For an .example we could take the flow:around
a circular cylinder and transform the cylinder .into a
wing. The flow:is also transformed,and ‘a stu&y.ofrthe
simple flow around the cylinder gives us all the in-
formation we desire regarding the complicated flow
.around the wing. The method .employed in the selection
of the propervfﬁnction'is to try a great many'and choose
‘those that ‘appear to fit the .case .in hand. The really

useful ones are not so numerous but ‘that a mathematician
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can at once select the one he desires,unless the flow
is unusual.
The function used by Joukowski, in the de-

velogjment of his series of airfoils, was

£(z) = z + B2
§]

He developed his wings, calculated their lift,

and then measured the:lift and drag in a wind tunnel,
gimulating conditions for infinite span by using a wing
which went entirely across the tunnel and came as close
‘to the sides as was possible -without touching them.

-Joukowski's experiments checked his theory very closely

except that there was a slight drag, due to the viscosity

of the air, 'which was practically constant for all angles
of attack as long as the flow remained smooth, ‘and
varied with the exposed wing surface and the shape of

the wing section.

The production of circulation around a wing

.and the 1lift incident there_to may be explained .as follows:

Suppose the wing to be set, in an air flow, at the angle
of -attack for zero lift. The circﬁlationais zero, and
‘there-is no lift. Now let the angle of attack be in-
creased. The rest point, which was at the trailing edge,
mOVES around'to,a'point,‘slightly‘forward of thé”trail—
ing edge, on top of the wing. The fluid on the lower
side - of the wing must flow arqund the trailing edge, and

leave the -wing at this point. At the trailing edge the

44
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velocity is very high, and a wortex is immediately
formed. This vortex, according to Helmholtz's third
theorem, goes off with the fluid, leaving a circulation
around the wing which exactly balances it. If the
angle of attack, and consequently the circulation and
the 1lift, is not changed, no more vortéces are given
off; but if the angle of attack is changed, positive
or negative vortdces (according to the sense of the
change) are given off until the algébraic sum of the
strengths of all the vortaces given off just equals
the required circulation, after which conditions be-
come steady again and we have a smooth flow off the

trailing edge.
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vI.
PRANDTL'S INDUCED DRAG THEORY.

In the precesding chapter we considered a
wing of infinite span in which fhe circulation,-and
‘consequently the 1ift distribution, is constant along
the spéu.‘
| !'In a wing of finite span the 1lift usually
falls off fo zero at the wing tips, and the distribu-
tion along the span depends upon the shape of theAwing,
the wing section used, and the angle of attack. The
‘distribution of circulation‘must he the séme as the
distribution of fift, so the circulation will be a maxi-
mum at the center aﬁd fall off to zero at the wing tips.
The circulatioh,‘bowever, cannot change without cutting‘
vdrt&ééﬁ?iﬁpﬁggge will be vortices, whose axes are
roughly’parallel to the direction of flight, coming off
the ﬁréiling edge. Ordinarily these vortiées will be
ﬁeak near the cenﬁer of the wing, where the change in
circulation is slight, and very strong at the tips,
where the.change in circulation is a maximum. The
sum of all.the.voftices coming off from either half
of the wing'is equél to the circulation around the
center ofkthe wing. We may consider the vortices as

coming off the trailing edge of the wing in the form of

48

a sheet or ribbon. This ribbon will be constant in width,
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normally the width of the wing, and thickest where the
rate of change of circulatién is greatest. At some
distance behind the wing this ribbon starﬁs to curl
up on itself from both sides aud.finally exists only
as two>rather weak cores.

»If the axes are taken as in the N.A.C.A.
notation, and we consider a wing of span, s; for any

-1ift distribution, the

N e

Total Circulation = [, = T dy (34)

where [ 1is the circulation at any point along the
wing and dy is an element of length. From the Kutta-

Joukowski Theorem, (232

daszQde

The total reaction against the wing is then

*

Reor= P Vo Ry = P Vof, T dy (35)

Nie

”'.

the strength of the vortices flowing off from any

element dy., along the trailing edge is

ar gy (23)
dy
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In the x, y plane there is no component of
‘velocity parallel to the plane;so,if we consider u,v, and

w the components of velocity due to the circulation ,

u=9 and v =290

The component of the disturbance velocity
normal to the x,y plane may be calculated in the same
way that Roit—Savart computsd the magnetic field around
a conductor. We may show that the velocity at any

point P, due to a vortex element ds is

gy = L-ds_sin « (27)
where « is the angle between the vortex element and
a line joining it with P, and r 1is the distance

from P to ds. A proof of this is given in Ramsey's

"Hydrodynamics".
If we let h be the perpendicular distance.

from the vortex to the point,

s = h cot o
ds = - --1—_ 4 «
sin?a
and p = -0
sin «



Page 49

The velocity at any point, P, due to an

infinitely long rectildnéar vortex is then

-1 *= 4g sin ¢ - _1 a
AT L re " 2rh (28)

I1f the vortex goes to infinity in one direction only

we have

=1 ds_sinoa_ _1 2
v 4nf° " r2 " Anh (39)

and for a finite length- of a voriex

v Z%h L, s%n ¢ da ='Z%§[¢°s &, — cOSs ag) (40)
where «, and o, are the angles made by the vortex with

the lines join&@;its ends to P. From this

= L oS @4 — 4
W - irh (e 1 cos ®,)
Along the lifting line representing the wing itself,
the component due to the transverse circulation is
zero. The vertical velocity due to. the element dy
" of the longitudinal vortex, is,from (39),

I
4nh
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dw = -L %g'-d — (41)

'where y' ‘is the point on the lifting line at which
we are measuring the velocity and y is the point at
which the elementary vortex dy 1is considered to come
off. The total vertical velocity at y' is then

w= -Lf dC __dv__ (42)
For y = y' the function passes thru infinity,so we
must ¢onsider what Prandtl calls the "chief value" of
'tbe integral, or

Y"S 1

; df __dv__ , 2 4T _dy__
lme—>b(‘£§ dy G5'-5) f"'e d; (v'=y) (43)

We can show, in a similar manner, thait the vertical
velocity at any point x'y', in the x,y plane but not

on the lifting 1line is

(B AT _(y'-8) dy dx'_ (44)

=1r
" ‘47:!-. x'=o dy [(y'-y)2 + x'2)

YO Y

As a result of the downward velocity, or
downwash, the flow past the wing. is not in the direction

of the velocity V,- but is inclined downward, to the



Page 51

by
rear, ,an amount ¢ where

P = tan™t H_ (45)
Vo
The resultant pressure on the wing, R, is
normal to the air stream;so it is inclined backward an
amount ¢, The lift and drag, however, are to be taken,

. . . and alon
réspectively, perpendicular to, {},, sSo

= Rcos ¢

Lift

L
‘Induced Drag = D,5 R sin ¢ = L tan P

na
As long as the angle ¢ is not’iargg,we may consider
tan 9 = sin ¢ and cos » = 1, whence

Lift = R

Induced Drag = R tan ¢

Every element of 1lift

Ar' = Y Va-F'dy,

then contributes to the drag an amount

dD, . = tan ¢ 4dL' = pI'" w dy'

ind
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The total drag is then

» dT '
I ay dy dy

y' - v (4¢)

s <
- 2 e 1 = _Q ’2 ‘2
D . of ' wdy' = i {; ﬁ;

where t¢he primes refer to a functional relation with y'.
These formulas represent a first approximation,
and are valid only as long as the disturbance velocity,
due to the vortices, is small compared to V,, and as long
as the circulation at the tips is zero. This is almost
always true with the wings ordinarily émployed. It is
difficult to conceive a case where there could be a
positive circulation out past the wing tip set up by
‘the wingjbut we could easily have the circulation fall
dff to zéro any desired distance inside the tips by a
suitable variation of thé angle of attackalong the span.

- For rectangular wings, of the aépect ratios
commonly used, and at normal angles of attack, the 1lift
distribution is approximately a semi-ellipse. The
formuias-given above may be greatly simplified by this
approximation,as for the ordinates of the ellipse we
have. the various values of T, and the’principal semi -
axes ére % and T, . The equation for this ellipse,

Z .

which has its center at the origin, is
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y2 L2_ =1

IETRR WS LI

Sorer,/1- OLEEES WV LS TN ¢

differentiating

dr -
dy -:— - - (48)

Substituting the values of (58) in equation:

(42) we obtain

L ]
T t2 v dy T
W= Rex_ f ——==-= = _mpx
ons - //(g)’— y? (y'-y) 2 s

That is, the downwash is constant over the
entire span.
Substituting - (47) -in - (35)
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S substituting the value of T, from (50) in (49)

we obtain

= ——-2bL___
"R p s2V, (52)
Dypy = s-2h5os- (52)

(It-cap be proved that the elliptic 1lift
distribution; treated above, gives the least induced
drag, for any given 1ift, that it is possible to obtain.)

From (50) we ses that the lift of a wing
varies directly as the density, the velocity, the circu-
lation, and the span. From (52) the drag varies as the
square of the 1ift and inversely as the density,the
aspect ratio and the square of the velocity. These formulas
were aeveloped for a monoplane, but Prandtl has shown that
for every multiplane there is a monoplane having the same
characteristics, so tﬁey are applicable to biplanés as

well. .Also,we have been dealing throughout with the
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induced drag only, bggf:g“the total drag is the sum of
the induced drag and-tbe brofile drag, and the profile
dragnis pfactically constant for ordinary angles of
attack this is satisfactory.

In any given airplane, the span is constant;
.and in level flight the lift must equal the weight. At
any given altitude, neglecting atmospheric variations,
'p is constant. Then for any given V, T is deterﬁined.
Buﬁ the drag, for any given V,, is determined by the
same.constants ds the lift,so the drag is the same
regardless of how the circulation is produced. There-
fore, 'in level flight, we would zxpect that tho the
wind velocity gradient produces circulation around
the wing, this circulation cannot be utlized either in
the production of 1lift or the diminution of dfaq. We
should expeci}however,ﬁshﬂce; the difference between
the circulation required and the circulation due to
the wind velocity gradieht must be generated by the wing
itself,andagﬁethis circulation is a function of the
aﬁgle of attack,thet the angle of attack would be slight-
ly less when flying into the wind than when flying with
the wind.

Prandtl shows that, due to the downward ve-
locity imrparted to the air by the vortices around a
wing énd flowingvoff the wing, there is an increased

'pressure under the wing. In order to prove this it is
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convenient and sufficiently accurate, except in the
immediate vicinity of the ning, to consider the lift

. . . constant
dlstrlbgtlon eenstant across the wing,and a somewhat

decreased span. We then have a simplified representa-
~tion called a horseshoe vortex. The amount of this

pressure increase is

p' = gh-B— (54)

2n R3

where [ is the total lift, h the vertical height
and R the distance from the plane to the point on
the ground at which the pressure is being measured.

The maximum value of this pressure increase, for any

given h, 13

2n he

and is directly under the planef

| The éffect of increasing the density is to
jncrease the lift and reduce the drag. Both of these
changes are favorable;so we should expect an increase

in efficiency at very low altitudes, especially when

flying near minimum power.
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VII.

FREE FLIGHT TESTS.

In order to determine whether the foregoing
principles of Applied imechanics and Hydrodynamics suffice
to explain the effect of wind velocity on airplane per-
formance, free flight tests were made with both land and
sea planes. The important characteristics of the plapes
used are given below. |
(1) The JNEHS is a remodeled JN4H, (an obsolete
Army Training Plane,) incorporating certain structural
changesvbut-no,important-aerodynamicfalterations. Its

characteristics are:

Type Biplane - Training
Motor Wright I 150 P
Weight 20174
Wing area 5202
Span Upper 437 3/8"

Lower 331 11 1/4"
‘Length 27+ 0 1/2"
Height 9' 10 5/8"
Chord 4 11 1/2"
Gap 5' 1 1/2"
Stagger 18%

.Dihedral 1°
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.Incidence 20
-Airfoil used Eiffel 232
High speed 92 m/hr
‘Landing speed 44 m/hr

(2) - The DH4M1 1is the steel fuselage Corps

Observation Plane built by the Bosing Airplane Company
and designed to take the ordinary DH wings. Its character-

istics are;

Type Biplane - Observation
Motor Liberty 12 400 P
Weight 28784
Wing Area 440'2?
Span 42' 5 15/232"
Length 20! 1 12/148"
Height 10! 8"
-Chord g' g"
Gap gt 10"
Stagger 12"
Dihedral 20
.Incidence 20
Airfoil used R AF 15 (mod)
High Speed 122 a/hr

.Landing 3peed 55 m/hrf
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() The TG4 is a single pontoon seaplane designed
and built by the Naval Aircraft Factory for fraining.

It has the following characteristics:

Type Biplane - Training Seaplane
Motor Aeromarine T¢ 200 P
Weight 298%#

Wing Area 370'#

Span 23!

Length 20" 1 w7/22"

Height 11' 9 11/32"

Chord 5' g"

Gap 5' 8"

Stagger 129

Dihedral 1%

-Incidence ' 20

Airfoil used Albatros

High &peed 9875 n/hr

Landing speed | 47 wn/hr.
(4) The T§ is a single seéter fighting plane

developed by the Naval Aircraft Factory and the Curtiss
Airplane and Motor Company,in 1921 - 1922,as a ship-

board fighter for Navy use. .Its characteristics are:



Page 60

Type Biplane - Fighter
Motor Lawrsence J1 200 P
Weight 19203
-Wing Area 227.8'2
Span 25"

Length 21'8"
Height 9!
-Chord 4'9"
Gap 5'g"
Stagger 0°
Dihedral upper ?

Lower 30
Incidence 0°
Airfoil used UusSaz?27
High speed 124 o/hr
Landing speed 48 w/hr

.In order to eliminate, as far as possible,
any turbulence or vertical currents in the air, an effort
was made to run the tests when the sky was overcast and
when the wind was from the east or north east, as in
the latter case it had a long unobstructed approach
over the ocean, and so had the tendenéy of minimizing
fluctuations in the flow. This was not always possible,

‘as it was very difficult to get an ideal set of conditions
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at a time when advantage could be taken of them. For
example; a strong east wind almost always prece.ded a
storm; so -ideal conditionzfggintained,-at best, only
for a very short period of time. Furthermore,if one
went out over the ocean a sufficient distance to get
away from the turbulence due to the land,the ground
swell, in a wind of sufficient strength to give con-
clusive results, was so large as seriousl&iﬁis—
turb the air flow. This ineguality in flow was indi-
catéd by the smaller waves superimposed on the ground
swells. These areas of increased velocity were small
in extént and recurrent in nature. They usually moved
along with the wind for a short distance, disappeared,
and then reappeared at approximately the same place.
Occasionally a small patch of disturbed water would
remain in the same place and retain practically the
same shape thru a considerable'pefiod of time.

2811 of the seaplane tests and the majority
of the land plane tests were made over the water at
a considerable distance from land. This gave the most
even flow that it was possibie to obtiain on any given
day, in veloscity, gradient, and direction. There was
an onious péyéhological effect, especially with the
-1and planes, when going with the wind,which made it

very difficult to get minimum readings at low altitudes.
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This disadvantage over flying over land was more than
overcome by the greater smoothness of air flow.

The altitudes given refer to the height of
the "mean lifting surface" above the ground.A(or water).
The "mean -1ifting surface"” is that single surface; |
- .which, at the altitude considered weuld represents ex-
actly all the conditions of 1lift, drag, moment etc.,
-resuiting from the two wings of the biplane. Thus,
when we say the plane was held at an altitude of ten
feet, the wheels or pontoons were from three to five
feet above the earth's surface.

Measurements of the wind velocity weramade
on a Robinson cup animometer and checked, in certain
cases, by means of light hydrogen balloons which were
photographed with a constant spped moving-picture camera.
Their displacement over any given time interval gives
an extremely accurate measure of the wind velocity.
This, taken together>with the vertical velocity of the
balloon, assuming the absence of vertical currents,

gives a means of checking over previously cited formulas

for velocity gradient.

Measurements were taken at various altitudes
while the plene was flying against the wind and with

the wind:
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(a) In level flight.
9(b) During elimb.
(e) ®hile turning.

‘a. The plane was flown at various constant air
speeds and the motor revolutions per minute required to
maintain -level flight at a: given altitude noted. It
wasrﬁerdeifficult to obtain accurate readings at points
near minimum power, as a considerable difference in air
speed ‘has only a slight effect on the power required.
:Futhsrmors, the rate of climb is so slow at thisbpoint
that any sliéht air distunbance completely upsets equi-
librium conditions and allows the plane to settle. Any
vertical velocity downward, however small, causas a
momentum not readily ovsrcome by the lift,and’ﬁ? ine
creasing the angle of attack increases the drag more
‘than ‘the 1ift, the forward velocity of the flane decreases,

anéhﬁgmarops with increasing rapidity until checked with

the motor.

| The method used in obtaining the air speed
‘for level flight at 200' was to select an approximate
speed 'and hold it constant over a considerable time.

If the plane climbed the speed was ‘too:low and a slight-
1y increased speed ‘mas -tried. ‘If one 'speed was too high
-and "another, ‘two miles less, too ‘low ‘the mean speed mas

'accepted'without~further'check.
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‘ ‘The ‘following tables ‘and graphs show ‘the
motor revolutions per minute and corresponding air

speeds for the various conditions cited.

Run 1.

‘Date May 20
Time 3:20 P.M.
Place North of Boston Light Ship.
Wind 20 w/hr
Altitude 10!
Plane JNBHS (AS 24-244)

Up Wind ' * Down Wind
RPM Air Speed RPM Air Speed
1520 84 1530 83
1420 7€ 1440 77
1350 71 1350 71
122 85 12580 84
1180 57 1180 57
1150 53 1150 54
1110 48 1110 48

At 1110 RPM the plane mould settle if a turn
was attempted,or if it was distumbed by a bump, and

full motor was required to keep the plane from dropping

into the water.
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Run 2.

Date May 20

Time 4:00

Place North of Boston Light Ship

Wind 20 w/hr

Altitude 230!

Plane JNBHS (AS 24-244)

Up Wind Down Wind
RPM Air Speed RPM Air Speed

1540 84 1540 84
1450 77 .5 1450 77.5
1200 £6.5 1200 g7
1200 57 1200 57
1180 55 1180 54
1120 52 1150 52
1170 42 1170 43
12580 41 1250 41

{
An attempt was made to take readings at 4d;hr
but it was impossible to obtain steady conditions as,

at the very large angle of attack required, the controls

were not effective.
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‘Run 3.
Date May 2.
Time 2:20 |
Place The Graves Lighthouse,
Wind 40 m/hr.
Altitude 100
Plane DH4M1 (AS 231432)
Up Wind Down Wind
RPM Air Speed RPM Air Speed
1650 117 1850 115.5
1500 108 1500 105
1400 97 1400 97
1280 85 1265 88
1130 70 11230 70
1120 80 1110 €0

This appeared to be very close to minimum
power, and it was not considered advisables to attempt
a lower speed at this altitude as the plane was beginning

to answer the controls very sluggishly.
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Run 4,

Date May 2
Time 2:00 P.M.
Place The Graves Light House.
Wind 35 m/hr
Altitude 200"
Plane DH4M1 (AS 21432)

Up Wind Down Wind
RPM Air Speed RPM Air Speed
1250 118 1250 118
1490 103 1480 102
1350 91 1350 91
1220 80 1220 80
1170 72 1160 79
1150 85 1150 €5
1140 €0 1150 RO

Settled slowly at all speeds from €0 to 70
‘at 1130 RPM. |
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Run 5.

Date May 22
Time 10 A.M.

. Place Boston Harbor
Wind 20 w/hr
Altitude 10°
Plane TG4 (A 224R)

Up Wind Down Wind

RPM Air Speed RPM Air Speed
1780 920 1780 90
1690 83.5 1895 84
1600 75 1590 75.5
1510 £9 1500 eg
1460 e5.5 1470 €5.5
1400 55. 5 1400 59
1230 53 1360 52
1240 48 1240 48
1400 43 1410 42.5

The seaplane tests were made at an average
altitude of about two feet less than the land plane
tests,as no harn greater than spoiling a run came from
occasionally touching the water, while ;his had to be

assiduously guarded against in the land planesf
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Run 3.

Date May 22
Time 10:20 A.M.
Place Boston Harbor
Wind 20 w/hr
Altitude 200"
‘Plane TG4 (A £248)

Up Wind Down ®ind
RPM Air Speed RPM Air Speed
1780 89 1780 89
1700 | 82 1700 - 83.5
1500 75 1€00 75
1500 85.5 1510 83
1405 53 1410 55
1500 43 1450 42.5

Plane would not fly level at any RPM under
1400.

Runs 5 and & were made by Lt. Reginald Thomas
of the U.S. Naval Air Station at Squantum, Mass. The
care and skill with which he executed these tmo tests

éfe indicated by the smoothness of the curves obtained.
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A sensitive bubble inclinometer was con-
structed, and placed so that the zero reading coincided
with the longitudinal axis of the ship. It had a range
of over five degrees and an adjustment which allowed
the setting to be changed thru five degree incremsnts
‘thus making the total range as great as was desired.
Three sensitivities were tried. In the first a change
of angle of .5% could be detected. In the second a
change of angle of .2° could be readily detected and
the nearest .1% approximated. 1In the third angles
could be read directly to the nearest .19, The second
setting was chosen for the final tests as the first
was not sufficiently precise and the third was effected
too much by slight variations in wind and piloting,
which produced instantaneous accelerations and caused
bubble displacements. It was found thgt even with
the most sensitive bubble,engine vibration had no effect
except at one certain critical speed of the ship and |
motor.

The object of this was to determine the varia-
tion of angle of attack with air speed. Runs were
made invwinds of different velocities;but as irregu-
larities of flow increased rapidily with increased velocity,
and the bubble recorded the smallest accelesrations

even thoughtgﬁycould not be felt and did not show on
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the air speed indicator, it was found that any speed
above 15 m/hr could not be used.
The tables and graphs follow.

Run 7
Date May 25
Time 1:20 P.M.
‘Place Boston Harbor
Wind 15 o/hr
Altitude 10!
Plane JNSHS (AS 24-244)
Up Wind Down Wind
Air‘Speed a Air Speed o
85 -1.9 84 -1.7
75 - .5 74 - .5
87 + .8 e7 4.8
59 +2.1 80 +2.1
53 +4.5 523 +4.3

45 +8.4 45 +8.4
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Run 8.

Date May 26

Time 2:00 P.M.

Place Boston Harbor

Wind 15 n/hr

Altitude 209"

Plane JNEHS (AS 24-244)

Up Wind Down Wind

Air Speed x Air Speed a
84 -1.2 B84 -1.4
75 - .5 75 - .4
&7 +1.0 67 +1.0
£0 +2.5 50 +2.5
53 +4:5 53 +4:5
50 +8.7 50 +0.5
45 +9.3 45 +9.3
42 +13;4 42 +13;3

The motor revolutions perhinute corresponding
to 42 mi/hr in this run were the same as those corre-

sponding to 41 mi/hr in Run 2.
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Run 9.
Date May 238
Time 3:30 P.M.
Place Boston Harbor
Wind 15 n/hr
Altitude 10"
Plane DHAM1 (AS 21422)
Up Wind Down Wind
Air Speed « Air Speed «
118 -1.2 118 -.9
95 + .5 95 +.5
85 +1.9 85 +2.1
70 +5.0 70 +5.0
50 +8.9 80 +8.7

It is very difficult to obtain accurate
bubble readings near minimum power as at this pbint,
a consiaerable angular change in the ship's attitude
causes»no immediate change in its'lift. When the plane
does start to settle power hust be apbiied to correct
the settling, and the ensuing longitudinal acceleratibn;
disturbs the bubble.



Dmte
Time
Place
Wind
Altitude

Plane

Up Wind
Air Speed |
117
95
84
70
85
g0
55
50

Run 10
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May 28
4:0) P.M.
Boston Harbor
15 m/hr
200!
DH4M1 (AS 21432)
Down Wind
Air Speed a
117 - .9
95 + .8
85 +1.9
70 +5;4
&5 +5.5
80 +9.1
55 +11.7
52 +13:4
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b. In order to determine the effect of the
wind velocity gradient on fate of climb a motor driven
motion picture camera was set up, on a riged base, so
the axis was normal to the wind direction. The plane
was flown into the field of view at constant speed and
at a constant altitude. The throttle was advanced to
full on and the air spéed kept constant by increasing
the angle of attack. The plane started to climb, rapid-
iy at first, and soon settled down to a steady climb.
The air speédwhs kept constant at all times. Consider-
able difficulty was encountered in maintaining the air
speed constant while the angle of attmck ﬁas changing.
and the plane accelerating, (vertically),but after a

few hours practice the‘pilot was able to overcomé the
tendency to kill too much speed at first and then let
it pick up too rapidly.

A certain time interval was required for
the motor to accelefa@é but, as the throttle was pushed
forward rapidly, and the carburetbrs set so that the |
mixture was‘very rich, this was short énd pfactiéally
constant, for any given air speed, regardless of the
wind direction. Some time was required to accelerate
the plane vertically but,as we only want comparative

results,this may also be neglected.
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The plane was flown in front of the camera
with and against the wind, at various speeds,and the
ciimbs started at two different altitudes. The tests
were made over Dorchester Bay on the afternoon of
May 26, 1925.

The pictures were projected, as stills,on
a sheet of traciné paper. The center of gravity and
length.of the plane were marked on this paper-for each
second of travel. The horizontal displacsment of the
C.G. from its poéition at zero second and its distance
above the horizon were measured for each second. The
ratio of the length of the plane to the measurea length
of its image gives a conversion féctor by means of
whiéh we can convert displacements on the pictures
to distances and elevations in relatioﬁ to the earth.
if the horizontal distances are then corrected for the
wind velocity and the vertical distance froi the hofi—
zon to a point on the earth's surface, directly under
the plane, added to the elevation we have the distance
above the earth's surface and the horizontal displace-
ments in relation to the medium in which we are work-
ing. The next step was to take a common zero from

which to measure horizontal displacements in all runs.
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The point at which the plane first began its climb
was chosen, There was a slight discrepancy in the
altitudes ét which different 10' énd 80' runs were
stafted. As this difference was always small the
cdrves ﬁere elevated or lowered slightly in order to
make comparison easier, The corrected displacements

are tabulated below:

Run 11, (Up Wind)
Plane JN2HS (AS 24-244)
Altitude (at start) 80!
Wind 10 o/hr
Air Speed 29 a/hr
Time Distance Altitude
0 0 2.0
1 100 84,2
2 187 72.3
3 279 80.2
4 372 89.8
5 483 95.7
g 549 104.0
7. 242 112.3
8 720 119.8
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Run 12. (down wind)
Plane JNBHS (A4S 24-244)
Altitude (at start) | 10
Wind 15 m/hr
Air Speed 20 m/hr
Time Distance Altitude
0 0 10.0
1 97 12.4
2 185 21.1
3 232 24.9
4 354 52.5
5 455 84.8
€ 547 80.2
5.5 593 84.3

n

This run was actually started aﬁialtitude

of exactly 10' so there is no vertical displacement
of the curve in the tabulation above or in the plot

on pages 102 and 103.
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Run 12 (Up Wind)

Plane JNSHS (As 24-244)

Altitude (at Start) 80!

Wind 8 n/hr

‘Air Speed 55 m/hr

Time Distance Altitude
0 0 £0.0

.5 45 £1.7

1.5 130 57.9
2.5 213 75.2
2.5 295 84.6
4.5 380 92.8
5.5 459 100.8
5.5 542 1055
7.5 522 112.5
8.5 700 121.8

This run was started at 70' so it was

necessary to lowsr the curve ten feset.
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Run 14, (Down Wind)

Plane JN5HS (AS 24-244)

Altitude 10!

Wind 5 w/hr

Air Speed 55 m/hr

Time Distance Altitude
0 0 10.0
1 90 15.2
2 190 28.0
2 252 48.2
4 232 £2.0
5 413 75.2
8 499 84.5
7 584 94.4
8 870 102.

This run was started at 12' and the smooth-
ness,at the start, interrupted by a short rapid air

current.
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Run 15 (Up Wind)

Plane JNZHS (AS 24-244)

Altitude (at start) 80!

Wina 5 m/hr

Air Speed 50 a/hr

Time Distance Altitude
0 0 £0.0
1 85 85.9
2 150 75.2
3 225 84.1
4 203 94.0
5 281 101.0
6 452 109.0
7 523 117.0
8 302 122.5
9 230 121.8
10 754 140.2

The curve was lowered 15' but as the gradient

and density change is very small, at this altitude, this

should not effect the shape of the curve.
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Run 18. (Down Wind)

Plane JNBES (AS 24-244)

Altitude (at start) 10!

Wind 5 m/hr

Air speed 50 m/hr

Time Distance Altitude
0 0 10.0
1 74 15.5
2 147 29.6
3 219 44.4
4 298 £1.0
5 257 72.8
8 443 84.0
7 521 92.0

The curve was moved down three feet, which

is the maximum permissable change at this low altitude.
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Run 17. ‘ (Up Wind)

Plane JNBHS (AS 24-244)

Altitude 10°

Wind 15 n/hr

Air Speed 20 w/hr

Time Distance Altitude
0 0 10.0

95 14.2

2 121 24.2
3 270 25,2
4 257 52.3
5 450 70.7
6 548 83,2
7 840 90.1

The reason for waiting for this run was to
allow the wind to pick up. The wind speed was rough-
ly checked by flying over a Robinson €up animometer

and observing its speed of rotation.
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Run 18, (Down Wind)
Plane DH4M1 (AS 31432)
Altitude (at start) 10!
Tind 2 m/hr
Air Speed 70 m/hr
Time Distance Altitude
0 0 10.0
.75 91 12,8
1.75 208 25.5
2.75 292 87.5
3.75 400 102.5
4.75 491 133.2
5.75 592 158.2
5.75 288 181.3
7.75 788 202.5

It was found to be much more difficult to

hold a constant air speed in the DH.
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Run 19. (Up ®Wind)

Plane DH4 M1 (AS. 31432)

Altitude 80!

Wind 3 o/br

Air Speed 70 m/hr

Time Distance Altitude
0 0 20.0
1.25 149 77.0
2.25 255 102.2
3.25 229 120.0
4.25 4232 120.2
5.25 558 189.0
€.25 £43 212;0"
7.25 733 224.0

‘.

This felt, to the pilot, to be the smoothest

run and so should be one of the most accurate.
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Run 20 (Down Wind)
Plane DH4 M1 (As 21432)
Altitude 10" |
Wind 2 o/hr
Air Speed 85 m/hr
Time Distance Altitude
3] 0 10.0
1.25 120 28.5
2.25 215 59.5
3:25 207 96;0
4,25 2397 148.0
5.25 489 190.0
5.25 578 222.0
7:25 2388 250.0

This run was started at 15' so when lowered

bodily to 10' is only roughly comparative.
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Run 2%, (Up wind)

Plane DH4 M1 (A8 31432)

Altitude 50" |

Rind 3n/hr

Air Speed 80 o/hr

Time Distance Altitude
0 0 800
1 125 55.7
2 249 79.5
3 270 95.5
4 491 111.8
5 614 122,

This run was made much closer to the camera
and, while the image was clearer and easier to work
‘with, the field wWas $o small that the plane passed out

of view before the climb became; steady.
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c. In order to determine the effect of the wind
velocity drsdient on angular velocity, in a normal
turn, a plane was equipped with an air speed recorder,
an angular velocity recorder, and a sighting wire set |
parallel to the YZ plane and 15° from the Y axis.
The air sbeed recorder was of the standard NACA optical
recording type. The Angular Velocity Reéorder consisted
of a motor dirven gyroscope méunted between two pivbts
and working against two coiled springs. The displace-
ment of the gyroscope actuated a small mirror and these
displacements were recorded optically. The sensitivity
could be adjusted by the spring tension and by changing
the lever arm on the mirror. The rande of sensitivity
was from .04 to 1.5 radians per second per inch of dis-
placement on the fecording film. 1In order to obtain
this range three sets of springs,of diffsreﬁt streﬁgths,
were required. In the following tests the greatest
possible sensitivity was used. The instrument was so
sensitive that in spite of the damping it was effected
by vibration and the lines on the records were quiie
wide. This made it more difficult to measure displace-

ments but, as a mean reading was taken,had very little
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effect on the final results. 3Synchronized timing lines
at one second intervals facilitated the study of the
records. In plotting up the results of the angular
velocity measuremsnts highly arproximate averages had
to be taken as, ordinarily, the displacements due to
unsteady flying and air conditions were much greater
than those due to gradient. |

In Run 1 the altitude, throtile setting,
and angle of bank were held constant and the turn made
‘as smoothly as possible. The plane was allowed to
turn until conditions became steady and as soon,
after this, as it agaih headed directly into thé wind
thé instruments were started and one 250% turn exeéuted.
This turn was also timed with a stop watch. The method
used in determining when exactly 360°’héd been turned
thru was to set to sight on a distant object, (the
balloon hangar at Landley Field was used.) ﬁhen starting
the turn and then turn until the object again appeaes
in the same relative position. The air speed and
angular velocity were allowed to change at will and
these changes wre recorded by the instruments. The
altitude was held constant by flying as close to the
ground as possible. This method can be used only

on very low runs.



Page 108

In Runs 2 and 2 the altitude, angle of bank
and air speed were held constant and the angular velocity
recorded. In run 2; by a sufficient étretch of the
imagination,it was possible to detect a slight tendency
in the airplane to change altitude during the turn,
This tendency exhibited itself as a slight settling
for the first 30° after coming into the wind and a
gradual rise there after. Absoiutely no effect of the
wind was observed, by thé pilot, at an altitude of
1000°'.

All runs were made over Chesapeake Bay, at a
point ten miles east of Langley Field, on the afternoon
of May 23, 1925. A TS land plane (A68249), borrowed

from the N.A.C.A., was used.

Run 1.
Altitude 10!
Wind 20 m/hr
RPM Air Speed (Av) Time w
@) 1870 103 99.5  .0831
(B) 1450 85 85.0  .0739

(y) 1300 70 74.0  .0849
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Measurements, taken from the records, for each

45°% of turn are tabulated below.

[+3
Angle Displacement (Aii ;peed) Displacement ()
0 1,28 105 .51 .085
45° 1.22 102 .51 .085
900" 1.20 101 .49 .024
1350 1,20 101 .49 .04
180° 1.20 101 .47 .083
2950 1,22 102 .47 L0823
270° 1.22 102 .45 .052
2159 1.22 102 .43 .087
200 1.225 103 .41 .050
, (g)
Angle Displacement  (Air Speed) Displacement (w)
0 .94 88 81070
450 .90 85 .85 .072
90°° .87 84 .56 .0725
1350 .85 82 .56 .0725
180° .87 84 51 .070
2950 .90 83 .81 .070
22700 .94 88 .51 .070
3150 .92 87 .61 .070
2200 .94 88 .63 .071



Altitude
Wind

|

(25 Y
[ BT
o

[\ B 6]
o

Displacement  (Air Speed)
.38 72
;655 70
.855 70
.23 38
.54 89
.35 70
.70 73

8835 72
.87 71
Run 2.
2007
20 m/hr
fir Speed
102
85
70
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Displacement (w)
.82 .082
.88 .085
.90 .086
.90 .088
.82 .082
.82 .082
.95 .090
.80 .080
.80 .080
Time )
100 .0628
87 .0721
78 .0808
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Run 2
Altitude 20°
Wind 20 o/hr
RPM Air Speed Time w
1550 90 20 0828
1479 80 80.5 .078

In x, of Bun 1, there appeared to be a periodic
change in air speed but no definite effect could be de-
tected on the angular velocity record. In 8, there is
a sﬁggestion of periédicity ahd In y it becomes more
prohounced. o

In Runs 2 and 2 no change in angular velocity

is indicated by the records.
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4. The immediate conclusions to be drawn from

the flight tests are:

First. That there is no measurable effect, in
level flight, due to wind.
Second. That the effect of wind velocity on c¢limb

- — e e 2

is to increase the rate of climb slightly, near the
‘ground, when flying into the wind, and. decrease thé
rate of c¢limb,an equal amount when flying with the
wind.

Third, That theréis a tendency to settle when

s e s

turning away from a head wind and a tendency to climb
when turning into it,but this effect is so slight as

not to be notié?ble except in extremely strong winds,

at very low altitudes, or when flying at a large angle

of atiack or near minimum power.

Fourth. That under normal wind conditions the effect
of gradient is secondary to the effect of unsteady wind
velocity, and at very low altitudes the air density under
an airplane is increased,and this increase in density
exerts a predominating influence on its 1ift and drag

characteristics.
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VIII.

CONCLUSIONS.

Both theory and experiment indicate that
neither wina'velocity nor wind velocity gradient exert
an influence on airplane performance in straight level
flight. 1n spite of this, numerous cases may be cited
where élanes have been known to settle when flying with
a strong wind and to climb when flying into it. A pos-
sible explanation is that when a pilot is flying with
a‘strong tail wind his ground speged is increased by the
amount of the wind velocity and his andle of climb, with
respect to the ground, decreased. The natural tendsency
is to puil the nose up to increase the climb. This ten-
denév is even greater if there is an obstacle to clear,
and when altitude must be obtained in as short a time as
possible. 1If the plane is lightly loaded no trouble is
experienced, but if heavily loaded and already flying
near its most efficient climbing angle, the increase
in angle of attack causes a decreased rate of climb and,
if the rate was already low, causes settling. Instead
6f nosing over and picking up some speed, thé averége

pilot, experiencing a panicky fesling, continues to
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pull up and hope. Anpexperienced pilot often spins

into the ground at this point. If the planccan be

brought around into the wind the apparent increase in

the rate of climb,resulting from the lower ground speed,

makes the plane appear to be climbing much better.

From the theory, we should expect a slisht

difference in the attitude of the plane: a decrease

in
an
“to
be
DH

an

the angle of attack when flying into the wind and
increase when flying with the wind. This is due
the effect of the gradient on circulation and may
calculated as follows: Consider the case of a

4 M1 plane flying at 100 m/hr in a 15 w/hr wind at
altitude of 10'. From (30)

From page 82

T, = 4.9

x = +,2°
From (1) the gradient is

vV - 44
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From (19) the circulation due to the gradient is

The difference in circulation, due to
‘gradient, when flying against and with the wind is
then twice this amount or 25¢ of the total circula-
tion. As tﬁe,lift, and iherefore the circulation, is
zero at -1,8°, tﬁe required circulation is induced
by an angular change of 2°. We should expect, accord-
ing to the theory, to find a difference in angle of
attack of .5°, between flying with and into the wind.
This difference was not observed in the free flight
tests fhough the instrument used was sufficiently ac—
curate to detect an angular change of half this amount.
This diécrepancy should not invalidate the +theory,
however, as that is checked in all other respects.

Frém ihe curves of RPM against Air Speed
it aypears that the break, at spseds below minimum
power, is not as abrupt as is generally supposed but
more gradual, especially in high powered planes where
the maximum éngle of attack is greiter and the effect
6f the slip stream and of the vertical component of

propeller thrust increased.
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There does not appear to be any sharp break
in the 1ift curve of a full size plane and the angle of
attack for maximum 1ift is greater than in a geometrically
similar model. In the DH 4 M1 used in the free flight
tests the maximum‘lift had not been reached at 18.5°.
Maximum lift occurs at 14° in a 28 ¥ 2" model of the
RAF 15 (mod) wing used on this plane.

A practical use for the curves of RPM against
Air Speed, taken together with curves of RPM against
fuel consumption, would be to determine the air speed
to choose in order to cover a maximum distance in any
given wind. The work would be complicated by the vari-
ation of speed with load and the variation of speed
and fuel consumption, for any given RPM, with altitude,
but the solution could be easily worked out by ﬁaking
runs with different lowds and at various altitudes.

In flighf tests, at high angles of éttack,
the 1ift would be steady for a time and then gradually
fall off. The impression given was of a smooth, but
unstable flow gradually becoming turbulent an& destroy-
ing'the lift. The probable cause for this apparent
instability is that; while the plane was flying steadily,
some Qariation in wind velocity or direction.caused a
slight settling of the plane which increased the angle

of attack and if the plane was already at its angle of
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maximum 1ift, would cause a loss in lift as well as an
increase in drag, and the plane would continue to
settle and lose speed. In any case the effect of a
downward velocity of the plane is unfavorable as the
drag is increased more than the lift and it is very
difficult to over_come any downward' momentum when there

is only a slight 1lift.

The effect of increased density completely
overshadowed the effect of gradient when flying close
to the ground. This circumstance, together with thé
fact that when the wind was strong enough to give an
appreciable gradient effect the air was so bumpy that
the bumpé exdrted a predominating influence, made the
collection of experimental data very difficﬁlt.

The effect of the increased density, according
to Prandtl, is to improve the L/D ratio. This is obvious

if we admit that

Lift = pVOP

max

LS
4

then, holding V, constant, any increase in
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p must cause a decrease in T _ ,, as Fhe lift and span
are constant, This decrease in ', permits a decrease
in angle of atiack and a consequent decrease in drag.
The net result is an increase in [/D or the ability
to flyrunder reduced power. The effect is greater at
high angles of attack as, in this.case, the effect
“on drag, for a given change in angle of attack, is
much greater. Wear maximum 1ift the theory does not
hold, as the profile drag becomes an important factor
and we hive been dealing only with induced drag, con-
sidering the profile drag constant.

The tests substantiated the theory expounded
above and,further,showed that the ground effect was
measurabkonly when the plane was very near the ground.
This was to be expected; for in the formula for the

‘increase in density the increase is inversely proportional

to the square of the altitude.

In the work on the rate of climb and normal
turns no mathematical check can be expected, as the effect
of gradient is only a very small part of the total change
from-avérage conditions. The dominating éffect is due

to unsteady air flow and the task resolves itself,
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largely, into isolating the effect of gradient from
the much larger effects of unsteady flow, piloting and,
at‘very low altitudes, ground effect or density change.

| Experiment shows that,near the ground, there
is an increass in the rate of climb when flying into
the wihd and a decrease when flying with it, and the
change is of the orderthe theory would lead us to expect.

A point not mentioned on page 84 is that a

seconds pendulum was allowéd to swing in fromt of the
camera. Its image at various points gave a means of
checking the plane speed against the indicated air speei.
In order to do this the wind velocity had to be considered.
If we assume the wind velocity constant over the period
of time required for two successive runs, half the
difference in ground épeed gives the wind velocity.
Slight differences in spacing between various points on
the same curve are due to the fact that exactly the same
point in the pendulum swing was not always taken since

exact timing was not reguired and some pictures were

clearer than others and permitted more accurate measure-
ments. It was therefore customary to take a picture one
side or the other of the true point if the picture was

better. The increase in the distance between points as
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the slope increase is due to the vertical scale being
larger than the horizontal.

The effect of a sharp short down current is
shown in the middle curve on page 104. The effect of a
steadily increasing wind is shown in £he 35 m/hr curve
on pige 155. This raises the apparent rate of climb,
momentarily, to something over 2500 feet per minute;
an impossible value for a DH. Part of this is due to
the actual increase inrrate of climb reéulting from
the wind, and part due to the slowing down of the
ground speed increasing the apparent rate of climb, or
rate in relation to the ground. This is the more.
unusual in that this run was méde with a light wind;
therefore there must hiawve been an actuml reversal of
ﬁind direction at this point.

The rate of climb was practically constant
from 20' up, but in all cases was véry steep when
started from 10', and then gradually fell off until
the normal rate was reached. This was due to the in-
creased density improving the L[/D near the groundj
and the ensueing increased rate of climb fell off after
the éffect of the increased density could no longer

be felt.
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¥hen using a moving picture camera in connection
with airplane tests considerable time can be saved in
wérking up the results,and the accuracy greatly increased
if a few precautions are observed while taking the pictures.

The flight pazth should be in a plane which is
normal to the axis of the camera. The imase of the®plane
is then constant in length, an& all distances are immed-
iately comparative. This is most readily brought about by
flying between two points on the ground, or better still,
where a dreat meny runs are to be made, along a white
line. This also enables the pilot to place the ship a
given distance from the camera,and always to start his
maneuvers at the same point. In flying over water, at
least two buoys should be set out to mark the course, and
the limitsof the camera field.

In projecting the pictures, it was observed
that the film did not fit snugly and so did not come
to the same point each time. In centering the picture
on the screen a displacement of .001" of the film caused
a displacement of about .1" on the image. Such a dis-
placement cannot be neglected when the rlane is far away
and the image small. It is therefore advisable, when

taking the pictures, to have some stationary object,



besides the horizon,upon which to center the picture.
If there is no satisfactory object in the field of
view it is adviéable to’place one there, say a thin
post a short disténce from the camera. In pgojec@ing
stills, the films are not only blisteredfg;'distorted)
if lefﬁ stationary in the projector over tdo long a
period of time. | |

The simplest possible representation of the
forces acting in a normal bank is the weight, W, acting
déwn, a force, F, acting radially outward, of magnitude
ggf where R 1is the radius of turn,and & resultant
force, M, opposing these two. In very flat banks, we
are justified in saying that the wings take practically
all the 1lift and that the resultant force, M, is normal
to the ﬁing and therefore of magnitude 553;5 or gzg-a , -
where o is the angle of bank. As the angle of bank
becomes steeéer, the angle of attack of the entire plane,
-ﬁith respect to the flight path, is increased in order
to'mwintain level flight; and the fuselage, struts, |
wheels etc., begin to take a considerable part of the
weight. This is eséecially true in very high speed ships
where,in extreme kases, the plane can be flown for con-

siderable distances in an absoclutely vertical bank with
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the wings taking none of the load and R ==. In this

case F=0 and M= -L. At any point in between the
first and second conditions, the resultant force lies
somewhere between a normal to.the wings and the backward
extension of the line representing the weight. This
vector is then the 1lift, not of the wings, but of the
entire airplane. M= changes in direction for each
angle of bank and angle of attack, at large angles of
bank,fgreatly complicates the work. As we are primarily
concerned with the effect on the wings a small angle

of bank (15°; was taken. In this case, neglecting the
small part played by the vertical component of the thrust,

we have the following simple formulas

= By2 _ ReZR .
e 3 (55)
M=vaz v Fe= B = _F_ o gy (57)
cos ¢ sin o

If we consider a plane turning near the ground,
at constant altitude, angle of bank, and throttle setting,
the 1ift falls 6ff slightly as the plane starts to come
into the wind. In order to maintain the lift constant,

the angle of attack must be increased slightly. This
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causes a greater drag and the plane slows down, but

as

and

we see that the radius of turn is decreased and the
andular velocity is increased.

This effect was noted in the records and,
as would be expected, was much smaller at high speeds
than at low. The reason for this is that at the lower
épeeds the wing is working at a high angle of attack,
and a given change in angle of attack at this point
has a greater effect on the drag, thus tending to cause
a still greater'loss in speed and consequent inérease
in Q. | A

If, in a steady turn,the andgle of bank, air
speed, and throttle setting are held constani the loss
in lift upon coming into the wind can exhibit itself

only as a certain loss in altitude. This would
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ordinarily increase a« and decrease v, but if we

hold 'V constant there should be no chande in R or

w and the exﬁra power required would be obtained from
the potential energy used in the siight drob.

It is obvious from the curves on pades
115-118-117 that, although V and w are intimately
related, the effect of any change in control position
becomes almost immediately apparent in w, but a certain
time interval is regquired for the speed to change.

The periodic effect of gradieht in a continued
turn appeared to lag about 45° behind the theoretical
position.. This was to be expected, and waé observed
when making turns at low RPM while making the RPM
adgainst Air Speed tests. At very low altitudes and
at minimum engine power it was not possible to turn
away from a head wind. The plane settled thru the
first 90° of turn even in a very flat bank. If the
first 90° was accomplished no trouble was experienced
in making the second 90°. In turning out of a tail
wind, no trouble was experienced in the first 30°, but
at about the 125° point the plane settled. If leveled
up and a straight course flown until the speed picked
up the turn could be completed. This leveling out
process was usually accompanied with a slight loss of

altitude allowing the plane to settle into the denser air.



Page

1d3
[ R
[PV

The effect of settling, in turning out of
a head wind, might persist even tho the turn was suc-
‘cessfully executed, and thus add to the troubles
ordinarily incedent to level flight in a tail wind.

If a plane is flying levél at minimum power,
it is usually possible to make a turn if the wind is
not strong. Any decrease of altitude improves the
/D and this improvment mmkes up for the increased
drag due to the turn. 1In case the plane is very low
the lowered wing tip is working in a more. favorable
medium than the upper,and as the density varies in-
versely as the sguare of the height, there is a net
gain, THis again may overcome the loss due to
increased «a. |

The curves of ® against Air Speed and RPM
have the same general shape. This is to be expescted,
since we are working in the straight part of the 1lift
curve which, from the curves on pages 70-75, gives a
straight line variation of Air Speed against RPM.

The general conclusion to be drawn from this
work is that the wind velocity dradient causes a
measurable change in airplane performance but, as the
effect is of an order of magnitude lower than the
errors in ordinary experimental measurements, can be

neglected in all routine performance tests.



Page 124

IX.

WIND TUNNEL TESTS.

A study of the"ground effect" on the 1lift
and drag characteristics of an airplane model was made
oy thé Rritish Advisory Committee and the results of
their tests were published in July 13920 in Reports
and Memoranda No. 754

Two methods of studying the effect of the
ground were employdd. Tn the first mesthod a flat
plate was placed in the tunnel and the model mounted
directly above this plate. In the second, known as
the reflection method, two identically similar models
were mounted so that their under surfaces faced each
other, |

The models were biplanes, having no stagger,
the gap equal to the chord, and 3"*18"‘R.A.F.'15 wings,

The results of the experimentas showed a maxi-
mum L/D of 10.4 for the biplane model in free space,
a maximum [/D of 15.1, in the same model when the flat
plate was 13" from the lower wing, 12.2 when the
plate was 22" from phe lower wing, 12,9 when iwo models,
whose lower wings were separated by 2" wire used and

12.1 when the lower wings of the models wers separated
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by 54". This corresponds to an increase in efficiency
of 45¢ in the first case, 18 .in the second, 244 in
the third, and lﬁgvin the fourth. No satisfactory
explanation was given for this increased efficiency
and no good reason for the failure of the two methods
to check when the model was 1 3" from the plate and

23" between models and the close ch2ck when thé model
was 2 2" from the plate and 5 3" between models.

[f we admit that Prandtl's theoretical
development represents the actual conditions met with
in air floﬁ the above conditions are roughly what we
should expect to find.

The theoretical representation of the first
method is simiiar to the second except that when we
deal with the first we consider only the pressure in-
crease, and consequently employ only the vorteces coming
off the wing in the development of our formulas for
vertical velocity, as directly under a wind, there is
no vertical component of velocity dueko the transverse
circulation. Consequently we may consider the lift
constant regardless of the altitude, and deal only
with the effect of this circulation en drag. In this
case we have merely imagined a mirrored imége and
have taken only the part of its effect which has a

bearing on the case.in hand.
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The induced drag of a wing,if we assume

an elliptical 1ift distribution,is represented by

2 L2
Dipg = 1-"“5-‘7;2‘14;; (53)

The change in the induced drag of one
wing due to the circulation around a second wing,
providing the second wing lies directly above or
below the first,is expressed by
2 2

ind _% \7°dL =0 T—;“E‘“"{]-g—‘s-; (GO)

[wo
1
-

=

where w is the vertical component of velocity due to
the first wing and ‘o vis the influence coefficient
ﬁhich has been worked out for various values of the
ratio of the span to the distance between the wings.
The value of this integral is negative when the
wings are lifting in opposite directions; so the
effect is to reduce the drag.

If we consider the wings above, the total re-
duction in induced drag is the effeét of the l&Wé;T”'
wingds of the imadined image on both the«loﬁer and
upper wings pf the model.

When the model is 14" from the plate the

lower wings are separated by 3", upper and lower by
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2" ,and the upper wings by 9".- .If we call this distance
h and the span s we may obtain from Prandtl's curve

of h/s against o the following wualues

=2" 54" " 83" 9" 113"

h

h - 127 202 L2233 AT .5 .839
s - . - - - -

g = .52 .37 22 .24 .23 .18

JIn a bipline combination, having a gap chord
ratio of 1:1, no stagger and working maximum L/D, the
upper wing takes approximately the same proportion of

the load as the lower; so the valus of ¢ is

22

(N
+

o
N

iJ
[Sv3 P V]

The drag coefficient at 3%, the point of
maximum [./D, was given as .0249 and the lifi coefficient
as .280.

The 1ift is then

L=C.xpAVE=12.48¢

znd the drag

(w]
i

C, o A Veo? 1.195%
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The induced drag-is, from (53)

D 3544

Ind= *
the decrease in drag is then .58 x ,254 = ,198;.
The new drag is .997 and the new L/D 12.5, a considerably
smaller value than the observed.

When the plane is 53" from the plate the L/D

figures out to be 11.8, a closer check but still low.

In the case where we use another wing instead
of the imaginary imade we have the same effect on drag,
due to the longitudinal vortices flowing off the wings,
and also the effect of the transverse vortices. The
circulatidn around each wing is in such a direction
as to reduce the velocity and consequently the 1lift of
the other wing.

The maximum circulation from (50) is

The mean circulation is approximately g

times this, or

T = __LL__ = 2

Lmean 0 V b

f
-
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The velocity effect due to this circulation is

v :IZ—E—H (cos a4y = COS Gp)

Whett the wings are 2" apart ths velocity at the
tip of one wing, due to the circulation around the
other wing, is .81 ft./sec. and at the center 1.53 ft/sec.
The effective change in velocity is about 1.20 ft./ssc.
Taking the effect of both wings at the imade on each
wing of the model, werfind that the total effective
drop in velocity is 1.5 ft./sec. AsS V, was 40 ft./sec.,
the loss in lift is 2.5¢; so we should expect the same
drop in L/D, giving a value of 12.1, which checks mors
closely with the experimental wizlue of 12.8

When the wings are 5#" apart, the effective

velocity drop is 1 ft./sec. and the L/D 12.0

The poor check between theory and experiment
when the surfaces are close together is probably due
to the theory being built up on the consideration of a
lifting line which has a dimension of length only. When

the distance between lifting surfaces is not dgreater
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