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AERONAUTIC SYMBOLS
1. FUNDAMENTAL AND DERIVED UNITS

Metric English
Symbol A #
: bbrevia- . bbrevia~
Unit e Unit Son
Length______ l Toetery tay o i AR m foot (ormile)i —_ . 1k ft. (or mi.)
o i L R el t seaonmd g ot bl R s second (or hour) ______ sec. (or hr.)
Forces ol 10 F weight of 1 kilogram_____ kg weight of 1 pound_____ 1b.
Power-___=2% ) horsepower (metric) - - _ __[-_____.__- horsepower_ - .. _______ hp.
S5ced v {kilometers perihoup--=2 .. k.p.h miles per hour________ m.p.h.
DeSrrEcnst meters per second_ ______ m.p.s feet per second________ f.p.s.
2. GENERAL SYMBOLS
Weight=mg v, Kinematic viscosity
Standard acceleration of gravity=9.80665 p, Density (mass per unit volume)

m/s? or 32.1740 ft./sec.?
A7

Mass=-—

Moment of inertia=mk>. :
radius of gyration £ by proper subscript.)
Coefficient of viscosity

Area

Area of wing
Gap

Span

Chord

Aspect ratio

True air speed

Dynamic pressure= % pV?

(Indicate axis of

Standard density of dry air, 0.12497 kg-m“-s* at
15° C. and 760 mm; or 0.002378 1b.-ft.”* sec.?

Specific weight of ‘“‘standard’” air, 1.2255 kg/m® or
0.07651 1b./cu. ft.

3. AERODYNAMIC SYMBOLS

Lift, absolute coefficient OLZQLTS’

Drag, absolute coefficient ODZQ_?S'

Profile drag, absolute coefficient ODU:Q-S
Induced drag, absolute coefficient O, 48

Parasite drag, absolute coefficient Cppz—qg,

D,
D,
D,

C

Cross-wind force, absolute coefficient 00=q~S

Resultant force

Doy
Vi

Q,
Q,
Vi

ey,
PEk

Angle of setting of wings (relative to thrust
line)

Angle of stabilizer setting (relative to thrust
line)

Resultant moment

Resultant angular velocity

Reynolds Number, where / is a linear dimension
(e.g., for a model airfoil 3 in. chord, 100
m.p.h. normal pressure at 15° C., the cor-

responding number is 234,000; or for a model
of 10 em chord, 40 m.p.s., the corresponding
number is 274,000)

Center-of-pressure coefficient (ratio of distance
of c.p. from leading edge to chord length)

Angle of attack

Angle of downwash

Angle of attack, infinite aspect ratio

Angle of attack, induced

Angle of attack, absolute (measured from zero-
lift position)

Flight-path angle
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REPORT No. 626

THE TRANSITION PHASE IN THE TAKE-OFF OF AN AIRPLANE

By J. W. WETMORE

SUMMARY

An investigation was undertaken to determine the
character and importance of the transition phase between
the ground run and steady climb in the take-off of an
airplane and the effects of various factors on this phase
and on the air-borne part of the take-off as a whole. The
information was obtained from a series of step-by-step
integrations, which defined the motion of the airplane
during the transition and which were based on data
derived from actual take-off tests of a Verville AT airplane.
Both normal and zoom take-offs wnder several loading
and take-off speed conditions were considered. The
effects of a moderate wind with a corresponding wind
gradient and the effect of proximity of the ground were
also investigated.

The results show that, for mnormal take-offs, the best
transition was realized at the lowest possible take-off
speed. Moreover, this speed gave the shortest over-all
take-off distance for mormal take-offs. Zoom take-offs
required a shorter over-all take-off run than normal take-
offs, particularly with a heavy loading, if the obstacle to
be cleared was sufficiently high, e. g., greater than 50 feet;
no advantage was indicated for the airplane with a light
loading if the height to be cleared was less. The error
that would result from the neglect of the transition in the
calculation of the air-borne distance of take-off was found
to vary from 4 percent with the heaviest loading considered
to —/ percent with the lightest loading for normal take-off s
over a 100-foot obstacle; the percentage error was twice
as great for a 50-foot obstacle. For zoom take-offs the
error attained much greater values. The average wind
gradient corresponding to a 5-mile-per-hour surface wind
reduced the air-borne distance required to clear a 50-foot
obstacle by about 9 percent with the lightest loading and
16 percent with the heaviest loading; for a 100-foot obstacle,
the reduction was about 10 percent in both cases. The
over-all reduction due to this wind was approximately
twice that resulting from the wind gradient alone. A
simple expression for the reduction of observed take-off
performance to no-wind conditions is presented. Ground
effect is shown to reduce the air-borne distance to attain a
height of 50 feet by 10 percent with the lightest loading and
16 percent with the heaviest loading; for a 100-foot obstacle,
the percentage reduction was about one-half as great.

INTRODUCTION

In the process of taking off, the course of an airplane
consists of three phases: a run along the ground to
attain flying speed, a transition curve in which the
flight path changes from the horizontal direction of the
ground run to an inclination suitable for climbing, and
a more or less steady climb to a height at which any
obstacles at the edge of the airport will be surmounted.
The motion of an airplane in the ground-run and
steady-climb stages is relatively simple and therefore
can be predicted for prescribed conditions with reason-
able accuracy, presupposing an adequate knowledge of
the airplane characteristics. The transition, on the
other hand, can be accurately defined only by very
complex relations; hence, common practice in calcu-
lating take-off performance has been to regard this
phase as negligible or to account for it with approxi-
mations of uncertain validity.

The investigation described herein was undertaken
to provide an indication of the character and relative
importance of the transition and of the effects of various
factors on the transition itself and on the air-borne
portion of the take-off as a whole. For this purpose a
series of take-off tests was conducted with a conven-
tional biplane. The tests included both normal take-
offs, wherein the air speed was maintained as nearly
constant as possible from the instant of leaving the
ground, and zoom take-offs, in which the speed was
reduced after leaving the ground. The test conditions
for each type of take-off covered two loadings and
several take-off speeds. The motion of the airplane
in the take-offs was measured with a recording photo-
theodolite.

The results of these tests were not used directly, as
originally intended, inasmuch as they were found to be
confused by rather wide variations in piloting procedure
and wind condition. Instead, the force relations per-
taining to the airplane under take-off conditions were
derived from data provided by the tests and served as
the basis for a series of step-by-step integrations where-
by the motion of the airplane during take-off was de-
termined for various conditions without the effects of
piloting and wind. The calculations covered the range
of loading' and speed conditions included by the actual

1
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tests, and an additional loading condition was also
considered. |

A measure of the effect of ground proximity on the I
airplane characteristics was obtained from the test l
data and, with this information, the influence of ground
effect on the take-off was investigated for each of two
loading conditions. For the same conditions the effects
of a wind increasing in velocity with altitude were also
evaluated.

APPARATUS

A Verville AT airplane (fig. 1) was used for the take-
off tests. The pertinent characteristics of this airplane
are given in table I. The following standard N. A. C.
A. recording instruments were mounted in the airplane:
an air-speed recorder; an accelerometer located near
the center of gravity and recording accelerations along
the normal, or Z, axis of the airplane; an inclinometer
recording the direction of the resultant of the external
forces imposed on the airplane; a recording engine
tachometer; and a control-position recorder connected

FI1GURE 1.—The Verville AT airplane.

to the elevators. Half-second intervals of time were
recorded by all the instruments from impulses produced
by a standard timer.

An N. A. C. A. recording phototheodolite, essentially
a combination of a motion-picture camera and a record-
ing theodolite, provided records from which the hori-
zontal and vertical displacements of the airplane relative
to the ground and its attitude angle could be determined
at intervals of ¥; second. A timer was also used in
conjunction with this instrument.

Synchronization of the phototheodolite records with
those of the airplane instruments was accomplished by
means of an electrically operated device mounted on the
landing gear of the airplane and connected through the
instrument switch so that, at the instant the pilot
threw the switch to start the instruments, a quantity
of white powder was discharged and formed a cloud
that was readily discernible in the photographs.

The wind speed at the ground was measured with an
indicating vane anemometer.

TEST PROCEDURE

A series of eight take-offs was made with each of two
loading conditions: 2,060 pounds and 2,378 pounds

gross weight. For four of the take-offs of each series,

which will be designated “normal” take-offs, the pilot
was requested to leave the ground at speeds ranging
from 3 to 15 miles per hour in excess of the minimum
level-flight speed and to climb at the same speeds,
attaining steady eclimbing conditions as quickly as
possible. For the four remaining runs, given the
designation of “zoom” take-offs, the speeds at the
instant of take-off were in the same range but were
reduced after the airplane left the ground, the climbs
in all cases being made at a speed slightly in excess of
the minimum. In all the take-offs the airplane was
headed directly into the wind. The engine was
operated at full throttle throughout each run.

The phototheodolite was set up on the ground at a
suitable distance from the course of the airplane and
recorded its motion during the latter third of the ground
run and throughout the transition and climb to a height
of about 100 feet. The procedure followed in the opera-
tion of the phototheodolite and in the evaluation of the
data obtained therefrom was substantially the same as
that described for the landing tests of reference 1, al-
though the instrument used for the present tests is of a
later and improved design.

COMPUTATIONS

The results of the foregoing tests gave evidence of
sufficiently great irregularities in the wind conditions
and piloting to obscure completely the effects that the
tests were expected to disclose; hence, the purpose of
the investigation was not directly accomplished by the
tests alone. The data obtained from the take-off tests,
however, made possible the derivation of the force re-
lations required as the basis for a series of step-by-step
integrations defining the motion of the airplane during
take-off for various conditions. In this way the trouble-
some factors of wind and piloting were eliminated.

Derivation of force relations.—Synchronized readings
of the data recorded by the airplane instruments and
the phototheodolite during the take-offs were made at
frequent intervals throughout the records, thus covering
a considerable range of flight conditions. Values of lift
and excess thrust were obtained for each set of readings
according to the following procedure. The normal and
longitudinal components of the aerodynamic forces
acting on the airplane /, and F,, respectively, were de-
termined from the relations

W

F:=—a,
g

and

F,=—a, tan 6
g

where W is the gross weight of the airplane.
g, the acceleration of gravity.
@,, the normal acceleration as recorded by the
accelerometer.
6, the angle of the inclinometer pendulum relative
to the normal axis of the airplane.
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The flight-path angle v, referred to wind axes, was
given by
7
0% — o "'/vp
where V7, is the vertical velocity, determined by differ-
entiation of the time-distance curves derived
from the phototheodolite records.
V7, the air speed along the flight path.
It was necessary, of course, to assume here that the
wind had no vertical component, apparently a reason-
able assumption for average conditions according to
the information of reference 1.
The angle of attack « was then obtained from

a—\N—vy

where \ is the attitude angle of the airplane, provided

of two variables, angle of attack and air speed. It
would consequently be difficult to plot these data di-
rectly. For this reason the effective propeller thrust 7',
shown in figure 3, was calculated by means of the in-
formation provided in references 2 and 3. The drag D
could then be determined from the equation

=111

and thence the drag coefficient

D
=108V
which could, of course, also be plotted as a function of
angle of attack to establish a suitably faired curve.
With the data in this form, the relation of excess thrust

1.4 } l ' 1.4
Height > 107t 7| Heignt <10 Ft /
1.2 =i : /30_ hE Azt Ml
1.OF—1—1—+— - o 1.0
o <3 > S
&) o, 4 . Q i 1T
- j ; i
:1:) 8 ) | QQJ 8
g 0© / | (:)
= = S
P i | &
8.6 = -'35‘ R s e
g I
o =1 g: =
& / S 5
4 OZZ‘ZG 4
L&ngfo ,.c} E ———Height > /0 ft.
il Nl P
2 o 1 1,8 it e |
g
(&
@) ‘ = ®)
o 4 8 20, 4 8 12 o0 / Z 5

Angle of attack, deg.

(a) Variation with angle of attack.

Drog coefficient, Cp

(b) Polar diagrams.

FiGURE 2.—Lift and drag characteristics of the Verville AT airplane as determined from take-off tests.

by the phototheodolite records. With the foregoing
information it was possible to determine values for the
lift L and the excess thrust 7', by resolving the forces
F, and F, along the flight-path axes or

L=F, cos a+F, sin aZ%az(cos a-+tan 6 sin «)

7
T.,.=F, cos a—F, sin a=%az(tan 6 cos a—sin «)

The values of lift were converted to the coefficient form
', with the relation
L
s DS
Thus the data could be readily plotted and faired as a

function of angle of attack. (See fig. 2 (a).)
The full-throttle excess thrust is, in effect, a function

to air speed and lift coefficient was determined by using
the faired results in a reversal of the procedure.

In order to take into account the effect of ground
proximity on the lift and drag characteristics, hence on
the excess thrust, the data were divided into two groups
and were plotted separately, according to whether they
were obtained when the wheels of the airplane were
above or below a height of 10 feet from the ground.
This height was arbitrarily chosen as the line of de-
marcation between the region of strongest ground effect
and the region in which, for the purposes of the present
investigation, the ground effect could be considered as
negligible. The data available were insufficient to
warrant further division. ;

The lift and drag coefficients evaluated by the fore-
going methods are plotted against angle of attack in
figure 2 (a) and as polars in figure 2 (b). In figure 3
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the excess thrust within and outside of the region of
principal ground effect is shown as a function of lift
coefficient and air speed.

Step-by-step integrations.—At quarter-second inter-
vals throughout the transition phase of the take-off, the
vertical acceleration @, and the horizontal acceleration
a, of the airplane were calculated by successive approxi-
mations according to the relations

__g(L cos y+T,, sin y— W)
Q= I’V

and
_ 9@ cos y—L sin v)
i w

Corresponding velocities were determined from
P 0.25(a;0+a,vl) 3 0.25(a2,,1+a,,2)

0.25(@,"_1—{—0,,”)

+
and

V')x = ‘/rho o

0.25(@net ) 0.25(an +as,)
2 i 2

0.25(%ny 1 0ny)
2

Vertical and horizontal displacements were similarly
determined; the flight-path angle was obtained from

v
o -1V
y=tan A

+ -

The initial values of @, and V,, i. e., at the instant of
leaving the ground, were, of course,

@y=0

and
V=0

The horizontal speed V) at the same instant was the
assumed take-off speed and, since at this instant L=W,
the value of the excess thrust 7,, and thence the value
of a,, could be determined. For subsequent intervals
the quantities involved in the calculations were deter-
mined by the usual methods of successive approxima-
tion.

The course of the lift coefficient in the early part of
the transition was preseribed by the assumption that
the transition should be of as short duration as possible.
This limitation, of course, required that the airplane be
pulled up quickly to the angle of attack for maximum
lift coefficient, as soon as the desired speed for taking
off was attained, and held at this angle as long as
possible. The lift coefficient was then reduced in time
to prevent the flight-path velocity from decreasing, by
reason of the increasing climb angle, below the value
designated for the steady climb and to permit the ad-
justment of the lift coeflicient necessary to provide a
smooth approach to the steady-climb conditions without

exceeding reasonable values for the corresponding rate
of change of the angle of attack. Examples of the
variation in lift coefficient followed in performing the
calculations are shown in figure 4.

T | I I T I T I

— — —— Colculated propeller thrust, T
200 — —FExcess thrust, T.. ;Height >/0ft.

________ " " " " < ”

\\
]
600 =)
\\

500

400

@
8

Thrust, /b.
AN}
8

100

-/100

200% 70 80 90 100 70 120
Air speed, f.p.s.

FIGURE 3.—Excess-thrust characteristics of the Verville AT airplane.
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o)
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Il e P.S LO.S.
------ 2060 | 755 75.5
i 2800 T 880 880
| |
. B ) |
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FIGURE 4.—Examples of assumed variation in lift coefficient during transition. The
Verville AT airplane.

The excess thrust corresponding to the lift coefficient
and speed occurring at a particular instant was taken
from the curves of figure 3, according to whether the
height at that instant was greater or less than 10 feet.
In this way allowance was made for the ground effect.
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The computations covered three loading conditions:
gross weights of 2,060 pounds, 2,378 pounds, and 2,800
pounds. For each load the calculations were carried
through for three normal take-offs at different speeds
ranging from an assumed minimum allowable speed to
20 percent in excess of this value. Similarly, two zoom
take-offs were calculated for take-off speeds 10 percent
and 20 percent greater than the minimum allowable
speed at which the final steady climb was assumed to
be made in both cases. The minimum allowable speed
was arbitrarily taken as 4 percent in excess of the speed
corresponding to the maximum lift coefficient, 1.3. For
all the foregoing conditions there was assumed to be no
wind.

The effects of wind were determined for two cases:
one with the heaviest loading and the other with the
lightest loading. For these cases there was introduced
into the calculations a wind velocity of 5-miles-per-
hour magnitude at the ground, increasing with height
according to the relationship given by reference 1 as
representing an average wind gradient, which is

Vo (EL
Vay 713>

where V,, which was assigned a value of 5 miles per
hour, is the wind speed corresponding to /1, the effec-
tive height of the airplane while in contact with the
ground, assumed to be 5 feet; and V,, is the wind speed
at any other effective height /7,, i. e., the height of the
wheels above the ground plus 5 feet.

For the same two loading conditions, the effect of
ground proximity on the air-borne phase of take-off
was investigated by using the excess-thrust data ob-
tained above the 10-foot level, hence sensibly outside
the influence of ground effect, throughout the integra-
tions and comparing the results with those obtained
for similar cases in which the ground effect was included.

The ground-run phase of the take-off was considered
only insofar as was necessary to show the effects of
rariations in take-ofl speeds and methods on the com-
plete take-off. In all cases only the distance required
to accelerate from a common speed of 75 feet per second
up to the take-off speed was calculated. In the de-
termination of these distances, the rolling-friction
coeflicient was assumed to be 0.05, corresponding to an
average turfl surface. The air forces were taken from
the data obtained within the region of ground effect.

RESULTS

A summary of the results obtained from the calcula-
tions is given in table II. Figures 5 through 7 show the
calculated flight paths of the airplane during the
transition and steady climb for all the conditions in-
vestigated. In figure 8 the distance on the ground
required to accelerate from a speed of 75 feet per second

to the take-off speed is plotted against take-off speed
for the three loading conditions. Figures 9 through 11
show the variation due to take-off speed in the air-
borne distances required to clear heights of 50 and 100
feet for both normal and zoom take-offs. These figures
also show the effect of take-off speed on the over-all
take-off distance, i. e., including the ground run after
a velocity of 75 feet per second is attained.

Figure 12 shows the percentage difference for various
take-off speeds between the air-borne distance as cal-
culated by the methods previously described, where
due consideration was given to the transition, and the
distance that would be obtained were the transition
to be neglected. TFor the normal take-offs, the value
for the distance with the transition neglected was taken
as

ST

~ tan v
where H is the obstacle height to be cleared and v is
the flight-path angle corresponding to a given speed.
This relation was based on the assumption that steady-
climbing conditions obtained from the instant of leaving
the ground. For the zoom take-offs the most obvious
approximate relation for the air-borne distance ap-
peared to be

Vii— V2

D,—:H gty
tan y

where V, and V, are the initial and final flight-path
velocities, respectively, and v is the flight-path angle
corresponding to V,. This equation was based on the
assumptions that constant excess power was available
throughout the climb and that steady conditions were
realized before the height I7 was attained. Figure 12
is intended to indicate the extent to which the take-off
is affected by the transition and the magnitude of the
error that might be introduced by the neglect of the
transition in the calculation of take-off distances.

The effect on the air-borne distance of an average
wind gradient corresponding to a surface wind velocity
of 5 miles per hour is shown in figure 13 for normal take-
offs with the heaviest and lightest loads. In figure 14
the influence of ground effect is shown for the same

loading conditions.
DISCUSSION

The nature of the flight path during the transition
phase of the take-off is shown in figures 5, 6, and 7.
The initially increasing slope of the path followed later
by a decrease is apparently characteristic, at least for
the airplane and conditions considered herein. In the
case of normal take-off, the reason for this reversal of
curvature lies in the fact that the airplane continues to
accelerate immediately after leaving the ground and, in
being slowed to its original speed, assumes a climbing
angle too steep to be maintained. The flight-path angle
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must therefore be reduced to a value at which the air-
plane can climb steadily. The flight paths for the zoom
take-offs have a generally similar shape, but variations
in the slope are more pronounced owing to the greater
changes in speed.

Inasmuch as most airplanes probably have, in part by
virtue of the ground effect, an excess of thrust in the
initial stage of the transition and hence will accelerate,
it is likely that the form of the transition curve shown is
representative of the form that would generally be
experienced.

The procedure that would be required in controlling
an airplane along a path such as that described is
indicated in figure 4. The control column would first
be pulled back to put the airplane in an attitude of
high lift and held until the angle of climb was sufficient
to cause a deceleration. It would then be pushed
forward to reduce the angle of attack to a value con-
siderably below that corresponding to the steady climb
in time to prevent the speed from dropping below that
prescribed for the climb. Finally, it would again be
pulled back as the angle of climb decreased so that the
correct flicht-path angle and the angle of attack for
steady climbing might be simultaneously realized. In
practice, it would probably not be possible to synchro-
nize, exactly, the attainment of the proper flight-path
angle and angle of attack; consequently, an oscillatory
rather than a steady flight path would result. If
sufficient effort were made to maintain constant speed,
however, the amplitude of the oscillation would not be
great and the mean flight path would probably corre-
spond closely to the one that would be obtained under
steady conditions.

For normal take-offs, it is apparent from the curves of
figures 5, 6, and 7 that, insofar as the transition alone is
concerned, the optimum take-off speed, in the range
considered, is the lowest value shown. Higher speeds
provide an initially greater excess of lift and, conse-
quently, a higher vertical acceleration, so that the
transition is completed more quickly and with less
variation in forward velocity. At the slower speed,
however, there is a greater excess thrust available which,
although partly converted to kinetic energy at first,
eventually goes toward increasing the height or potential
energy of the airplane; thus, when the transition is
completed, the height attained is greater in proportion
to the horizontal distance covered than that for the
higher-speed take-offs.

The maximum angle of climb occurs at approximately
the intermediate speed shown so that, in the range of
speeds between the minimum and that for best angle of
climb, the effects of variations in take-off speed on the
transition and on the steady climb are opposed. For
an obstacle height of 50 feet a considerable portion of
the air-borne distance is occupied by the transition so
that the opposing effects are nearly balanced. Hence
there is little change in the air-borne distance with
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increasing take-off speed up to the speed for best angle
of elimb (figs. 9, 10, and 11); beyond this speed the
distance, of course, increases. Obviously then, since
the ground-run distance (fig. 8) increases with the take-
off speed, the shortest over-all take-off distance required
to gain a height of 50 feet, in a normal take-off, would be
realized with the lowest possible take-off speed.

With an obstacle height of 100 feet the transition is
a relatively small part of the air-borne distance. The
effect of take-off speed on the steady climb is therefore
predominant and consequently the shortest air-borne
distance occurs at or near the speed for best angle of
climb. The reduction in air-borne distance, however,
is more than offset by the increased ground run so that,
in this case also, the lowest take-off speed gives the
shortest over-all distance.

In zoom take-offs the airplane is held in contact with
the ground until the speed reaches a value considerably

1,000 ’

I M 8 1

= Weight, 1b. |

- 600—— uie st g
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200—— Lt Lt
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75 80 85 S0 95 100 a5
Take-off speed, f.p.s.

FIGURE 8.-—Ground distance required for the Verville AT airplane fo accelerate
from 75 feet per second to take-off speed for all loading conditions.

above the minimum flying speed. It is then pulled off
abruptly into a steep climb during which the speed is
reduced. It may be shown that an airplane running
along the ground at its most efficient attitude, 1. e., the
attitude corresponding to the minimum value of C')—
wC,,, will ordinarily have, in the range of speeds between
the minimum flying speed and a speed considerably in
excess of the minimum, appreciably less resistance,
hence greater excess thrust, than if it were completely
air-borne at similar speeds. The excess kinetic energy
gained in running a given distance along the ground
would be greater, therefore, than the potential energy
that might be gained in flight in the same distance.
Thus, if the excess kinetic energy could be converted to
potential energy without too great loss, it should be
possible to attain a greater height in a given distance
from a zoom take-off than from the shortest normal
take-off. This argument is borne out in figures 9, 10,
and 11 for an obstacle height of 100 feet where, with
the lightest load, the total horizontal distance required
to gain this height from a ground speed of 75 feet per
second is about 5 percent less for the shortest zoom
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FiGUurgs 9 10 11.—Variation of take-off distances with take-off speed for the Verville AT airplane.
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take-off than for the shortest normal take-off; with the
heaviest load there is a larger difference, about 17
percent, owing to the fact that, with other conditions re-
maining equal, the difference between the excess thrust
on the ground and that in flight increases with
increasing weight.

In figures 5, 6, and 7 it will be noted that in some
cases, particularly with the lighter loads and higher
take-off speeds, the height attained before the conver-
sion of energy is completed is greater than 50 feet. In
these cases, at an obstacle height of 50 feet, there is
still an excess of kinetic energy remaining, which is
equivalent to a loss. Therefore the zoom take-oft pro-
vides little or no advantage over the normal take-off,
as may be seen in figures 9, 10, and 11.

An indication of the extent of the error that might be
introduced into the calculation of take-off performance
by the neglect of the transition is provided in figure 12.
This figure shows the percentage difference between

the 50-foot obstacle height, the error increases rapidly
with take-off speed to very large values, particularly
with the lighter loads. The large errors are due to the
fact that the conversion from kinetic to potential
energy is not completed until after the 50-foot height
has been reached, in which case the assumption of an
instantaneous change from ground-run to steady-climb
conditions is not justified.

The scope of this investigation is not sufficiently wide
for a definite determination of the relationship that
might exist between this error and the airplane char-
acteristics, but it is believed that this relationship
could be established with the aid of similar data for
other types of airplanes. It would then be possible to
obtain a measure of the inherent take-off capabilities
of a given airplane, exclusive of the troublesome factor
of piloting procedure, by means of a rather simple
method. The relation between ground-run distance
and speed would be determined in one series of tests;

@ Obstacle height, 100 fF 100 i e
—— e e e b / ESals i) f 2
0 S Heghy, | We/'lth = l/l /K Weioht = 8800, s lls Sre el
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) 2060~ | 12378 g A TIPS
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B = E R A Take-of f 3 T % " " No wind 3 Ey
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| il S coom 4 ~mn- Winel .gradierl oy
o | Obsfoce 1 50'] Pt BN
RN eI L0 O 120 /50 0 200 400 600 800 1,000 4,200 1400 1,600 1,800

Take-off speed, 7.p.s.

FIGURE 12.—Error in air-borne distance due to neglect of
transition for the Verville AT airplane.

the air-borne distance as calculated by the rigorous
method and the distance resulting from the assump-
tion that the change from the conditions of the ground
run to those of the steady climb occurs instantaneously
and without effective loss of energy. For normal take-
offs over a 100-foot obstacle the error ranges from a
maximum positive value of about 4 percent with the
heaviest load, i. e., the approximate distance is too
great, to a maximum negative value of the same magni-
tude. The fact of a positive error is undoubtedly at-
tributable to the influence of ground effect. With a
50-foot obstacle height the error is about twice as
great in the same sense for corresponding conditions,
since the error in actual distance is about the same.
For the zoom take-offs over a 100-foot obstacle, the
error is comparable at the lower take-off speeds with
that for the normal take-offs but becomes increasingly
negative as the take-off speed departs more from the
minimum value. The largest error in this case, in the
range of conditions covered, occurs with the lightest
load and has a negative value of about 10 percent. For

Horizontal distance, ff.

FIGURE 13.—Eflect of wind and wind gradient on the flight path of the Verville AT airplane
during transition and steady climb. Surface wind velocity, 5 miles per hour.

other tests, made at some safe altitude providing
steady-air conditions, would establish the relationship
between angle of climb and speed. These quantities,
which should be largely independent of piloting effects,
could then be combined, with a suitable correction for a
standard type of transition, to give the total distance re-
quired to take off over obstacles of any desired height.

The effects on the air-borne portion of the take-off
of a wind increasing in velocity with height are: a re-
duction in the speed of the airplane relative to the
ground, consequently a reduction in the horizontal dis-
tance covered in a given time; and an increased vertical
velocity due to the velocity gradient. These effects in
combination and the effect of the wind gradient alone
are shown in figure 13 for normal take-offs with the
heaviest and the lightest loads. For the heavy-load
condition, the over-all reduction in the distance re-
quired to clear a 50-foot obstacle is 25 percent; the
reduction due to the wind gradient alone is 16 percent.
For an obstacle height of 100 feet, the reductions are 21
percent and 11 percent, respectively. With the light
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load the distance to clear the 50-foot obstacle is reduced
19 percent by the over-all effect of wind and 9 percent
by reason of the wind gradient alone. For a 100-foot
obstacle the reductions are 21 percent and 10 percent,
respectively.

The method used in this report, i. e., step-by-step
integration, would be too laborious for general use in
evaluating the corrections for wind; but it has been
found that these corrections can be determined with
sufficient accuracy through the aid of rather simple
relations: Still regarding the effects of wind velocity
and velocity gradient as separate, the correction to the
air-borne distance for the effect of wind velocity is

7
AD, :f Vudt
0

where V,, is the wind velocity at any time ¢ and 7' is
the time required, from the instant of leaving the
ground, to attain the height 71.

For the average wind gradient, previously defined,
the correction becomes, for /=50 feet,

AD,=1.27V,,T

where V,, is the wind velocity at the ground.
For H=100 feet

AD,=1.38V,, T

The effect of a wind-velocity gradient on the height
attained in a given time 7 is found from the energy
relations to be

AH:T cos YAV,
g
where A is the difference between the heights attained
with and without the benefit of a wind gradient, in

the same period of time, which is very nearly equivalent

height 77,. The correction to the observed air-borne
distance for the wind gradient is then

AH

AND,—
tan v,

where v, is the angle of climb that would obtain were
there no wind gradient; it is given closely enough by

dV,.  Vsin vy
0

Ti=vy—tan™!

For the average wind gradient
AV,=0.41V,, at a height ot 50 feet.

and i . .
AV,=0.55V,, at a height of 100 feet.

The angle of climb for no wind is given, for an
obstacle height of 50 feet, by

V sin y

71 =7—tan"10.0037 VX

and, for an obstacle height of 100 feet, by
V sin v
J

The over-all correction to no-wind conditions is then,
for an obstacle height of 50 feet,

vi=v—tan~'0.0021 V, X

V cos vX0.41V,,

AP =27V ot S o
! VoV sin R
g

g tan <y—tan“10.0()37

and, for an obstacle height of 100 feet,

, ; V cos
AD=1.38V, T+ —— _ Vcos yX0.55Vy,

- VoV sin -
g tan <'y— tan=10.0021 %’!>

The corrections as computed from the foregoing
=] t=}
equations agreed closely with those determined

(60 J/ ) [ ] | | by the step-by-step integrations, the difference

. | Weight - / Weight = 280016, | | -1~ _b(‘lng less than 2 percent of the air-borne distance

&80 2 060 L % SR A in all the cases considered. In the absence of

g : : g ; g2 specific data on the variation of the wind velocity

S 60 y e with altitude, it is believed that the assumption

o B0 of an average wind gradient will provide a good

340 ,/ boar L | approximation.
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JEE ——————-W/th ground effect take-off is shown in figure 14. The ground
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lightest load and by 16 percent with the heaviest

1 5
FicUure 14.—Effect of ground proximity on the flight path of the Verville AT airplane during 108d. 1‘01‘ an obst‘a(‘le helght Of 100 feet, the

transition and steady climb.

to the same horizontal distance; V' is the air speed at
the height F7; v is the flight-path angle relative to the
air at the height I7; AV, is the difference between the
wind speed at 5 feet from the ground and at the effective

percentage reductions are about one-half of those

for the 50-foot obstacle. The greater difference
for the heavier load is probably due to the fact that the
airplane climbs more slowly than with the light load;
hence it is in the region of strongest ground effect for
a longer period.
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CONCLUSIONS

1. For normal take-offs the horizontal distances
covered in the transition in proportion to the heights
attained were least at the slowest possible take-off
speed. Likewise, the shortest over-all distance re-
quired in taking off over an obstacle was obtained with
the slowest speed.

2. For normal ground conditions, zoom take-offs
required shorter over-all distances than normal take-
offs, particularly with heavy loads if the obstacle to be
surmounted was sufficiently high. With light loadings
and low obstacle heights, the zoom take-offs provided
no advantage.

3. The error resulting from neglect of the transition
in caleulating the air-borne distance in take-off varied
from 8 percent with the heaviest load considered to
—8 percent with the lightest load for normal take-offs
over a 50-foot obstacle. For a 100-foot obstacle the
percentage error was about one-half of that for the
50-foot obstacle. For zoom take-offs the error arising
from neglect of the transition was much greater.

4. The effect of the average wind gradient corre-
sponding to a 5-mile-per-hour surface wind was a
reduction in the air-borne distance to clear a 50-foot
obstacle of about 9 percent with the lightest load and
about 16 percent with the heaviest load. For the
100-foot obstacle height the reduction was about 10
percent for both loads. The over-all reduction due to
this wind was approximately twice that due to the
wind gradient alone. The correction of observed
take-off performance to no-wind conditions can be
accomplished through the use of relatively simple
expressions,

5. The ground effect reduced the air-borne distance
required to attain a height of 50 feet by about 10 per-
cent with the lightest loading and by about 16 percent
with the heaviest loading. For an obstacle height of
100 feet the percentage reduction was about one-half
as great.

LancLey MEMORIAL AERONAUTICAL LLABORATORY,
NarroNnan Apvisory COMMITTEE FOR AERONAUTICS,
LancLeEy Fiewp, Va., October 26, 1937.
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TABLE I.—CHARACTERISTICS OF THE VERVILLE AT AIRPLANE

Engine—Continental A-70________________._________
Propeller—Metal, fixed pitch:
Bladeseetlon .- -c___—_ .. __
Diametery [ olis D ov = D
Blade-angle setting at 0.75 R
Wing dimensions—Clark Y-15:
otaliaren o o AR e
Span, upper wing_ _
Span, lower wing_____________
Chord, upper wing.____ =k -
Ghord; lowerwing. - <l L e 5
Test loadings:
Grossiwelghtc e oo o Lo T aoanria s ol A 2,060 1b.
Wing loading .- - _. 7.8 1b. per sq. ft.
Power loading_ . 12.51b. per hp.

Gross weight - - E R 2,378 1b.
Wing loading___ 9.11b. per sq. ft.
Power 1ogdingL i sl L b i Nl DR e Sttt b i) st 14.4 1b. per hp.

TABLE II.—TAKE-OFF DISTANCES FOR THE VERVILLE AT AIRPLANE FROM STEP-BY-STEP INTEGRATIONS

Obstacle height =50 ft. Obstacle height =100 ft.
Ground- .
H : Hori- | Tan-
R 3 dis- | Height
Power | Wing |Take-off | Climb- i R zontal | gent of : ‘s
Weight | loading|loading| speed |ingspeed }?grcxf z;;ta:xrg%(} distance| angle of I%olr s i tal dTotal Ho]r s matal tho tal Remarks
@) | ap | @b/ | (i) | (i) | 2 LB (or frand inbaadva |- Cad BTl oS UIRG BEanCel PEAL G SR 0T R IATES
npy | sa. 6y [ @ p. 83| . p. 89 V=75 sition sition | elimb, | tance for |air-borne| from tance for |air-borne| from
D 1.4 RRISIIRESDAR il p. 8. 4| (Ieet) (Feet) "0 | steady |distance| V=75 | steady |distance] V=75
(Feet) Y climb | (Feet) | f.p.s. climb | (Feet) | f.p.s.
(Feet) (Feet) (Feet) (Feet)
75.5 75.5 7 74.5 (R IS b (e S 370 377 176
82.0 82.0 89 47.2 348 | L1464 20 368 457 359 Normal__
2, 060 12.5 7.8 90.0 90.0 208 39.2 314 . 1366 78 392 600 444
82.0 75.5 89 82.5 483 oL bl W A 287 374 121 Zoom
90.0 75.5 208 101.0 4900 S144l-| - oo 237 4450l LT e e
81.0 81.0 98 46. 2 491 . 0930 40 531 629 572
88.0 88.0 217 36.5 396 . 0969 139 535 752 654 Normal._
2,378 14. 4 9.1 96. 0 96. 0 392 28.6 335 . 0894 238 573 965 v No wind
88.0 81.0 217 65.0 100100030 | - oieaoeh 367 584 376 Zoom )
96. 0 81.0 392 88.3 550 . 0930 L 269 661 125 ot
88.0 88.0 274 28.0 526 . 0455 482 1,008 1,282 1, 581
96.0 96.0 490 22.7 432 . 0503 543 975 1,465 1, 540 Normal_ -
2,800 17.0 10.7 104. 0 104.0 782 15.0 312 L0443 786 1, 098 1, 880 1,917
96. 0 88.0 490 49.5 542 . 0455 13 1, 045 1,108 Zoom
104.0 88.0 782 68.7 509 7 i PR e e 302 1, 084 686 e i]" ittt
75.5 76.5 |- m. p. h. wind+-gradient.
2000 | 125| zs{{ 723 733 Wind gradient only.
b 88.0 88.0 _| 5m. p. h. wind+4-gradient.
CHERY | TRLONE, L { 880 8.0 Wind gradient only.
2, 060 12.5 7.8 75.5 75.5 S _.| No ground effect.
2,800 17.0 10.7 88.0 88.0 |- 10. 6 865 15d78 1= 1,962 No ground effect.

U.S. GOVERNMENT PRINTING OFFICE: 1938







Z

Positive directions of axes and angles (forces and moments) are shown by arrows

Axis Moment about axis Angle Velocities
Force
' (parallel . : L (Linear
b . ym- | to axis) " . ym- ositive Designa- ym- cOmpo-
Designation bol | symbol Designation bol direction tion bol | nent along Angular
axis)
Longitudinal_____| X X Rolling_____ L Y—7 IRo1TL S I u P
Latergliess sty & e Yo Pitching_.__| M Z——X Pitchz == (/) v q
Nommals s Sy Z Z Yawing____| N X—Y Yoawr v w 7%
Absolute coefficients of moment Angle of set of control surface (relative to neutral
v L o M oA N position), 6. (Indicate surface by proper subscript.)
PgbS ™ geS " ¢bS
(rolling) (pitching) (yawing)
4. PROPELLER SYMBOLS
D, Diameter ; P
. . P v fﬁ e P s
o Gl aetuiciih P ower, absolute coefficient Cp oD
ill,seiteh ratio C Speed-power coefficient= s
V’,  Inflow velocity % 5 ; 4 P
Vs,  Slipstream velocity m Efﬁmenc'y
n, Revolutions per second, r.p.s.

; T
q Thrust, absolute coefficient 0T=pn—2D—;

Q, Torque, absolute coefficient CQ=E§D3

®, Effective helix ang1e=tan—1(2—p—)
TN

5. NUMERICAL RELATIONS

1 hp.=76.04 kg-m/s=550 ft-1b./sec. 1 1b.=0.4536 kg.
1 metric horsepower=1.0132 hp. 1 kg=2.2046 1b.
1 m.p.h.=0.4470 m.p.s. 1 mi.=1,609.35 m=5,280 ft.

1 m.p.s.=2.2369 m.p.h. 1 m=3.2808 ft.






