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THE TRANSITION PHASE IN THE TAKE-OFF OF AN AIRPLANE

By J. W. Wetmore
SUMHARY

An investigation was undertaken to determine the char-
acter and importance of the transition phase between the
ground run and steady climb in the take-off of an airplane
and tne cffects of various factors on this phase and on the
air-borne part of the talke-off as a whole. The information
was obtnined from a series of step-by-step integrations,
which defined the motion of the airplane during the transi-
tion and which were based on data derived from actual take-
off tests of a Verville AT airplane. Both normal and zoom
take~offs under several loading and take-off speed condi-
tions were considered. The effects of a moderate wind
with a corresponding wind gradient and the effect of prox-
imity of the ground were also investigated.

The results show that, for normal take-offg, the best
transition was realized at the lowest possible take-off
speed. Idoreover, this gpeed gave the shortest over-all
take-off distance for normal 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 clcared was sufficiontly high, e.g2., grcater than 50
fect; no advantage was indicated for the airplane with a
light loading if the height to be cleared was less. The
crror thaot would regult from the neglect of the transition
in the calculation of the air-bornec distance of takeo~off
wos found to vary from 4 pcrcent with the heaviest load-
ing considercd to =4 poercent with the lightest loading for
normal talke-offs over a 100=foot obstacle; the percentage
error was twice as great for a 50-foot obstacle. For zoom
take—offg the error attaincd much grcater values. The av-
crage wind gradient corresponding to a S5-mile-~per~hour
surface wind reduced the air-bornoc distance recquired to
clear o 50-foot obstacle by about 9 percent with the light-
cst loading and 16 vpercent with the hcaviest loading; for
a 100~foot obstacle the reduction was about 10 percent in
both caoscg. The over—all reduction due to this wind was
approximntely twice that rcéulting from the wind gradient
alone. A simple expression for the rocduction of observed
take~off performance to no-wind conditions is presented.
Ground cffect ig shown to recduce the air-borne distance
to attain a hecight of 50 feet by 10 percent with the light-
ecst londing and 16 perceant with the heavicst loading; for
a 100-foot obstaclo the percentage reduction was abdbout
one-hnlf as zreat.



INTRODUCTION

In the process of taking off, the course of an air-
plane congists 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 climd 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 pre-
scribed conditions with reasonable accuracy, presupposing
an adequate knowledge of the airplane characteristics.

The transition, on the other hand, can be accurately de-
fined only by very complex relations; hence, common prac-
tice in calculating take-off performance has been to re-—
gard this phase as negligible or to account for 1t with
approximations of uncertain validity.

The investigation described herecin was undertaken to
provide an indication of the character and relative impor-
tance of the transition and of the effects of various fac-
tors on the transition itself gnd on the air-borne portion
of the take-off as a whole. For this purpose a w=series of
take~off tests was conducted with a conventional 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 lead-
ings and several take-off speeds. The motion of the air-
plane 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
confuged by rather wide variations in piloting procedure
and wind condition. Instead, the force relations pertaine-
ing 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 whereby the mo-
tion of the airplane during take-off was determined for
various conditions without the effects of piloting and wind.
The calculations covered the range of loading and speed
conditions included by the actual tests, and an additional
loading condition was also congidercd. .



A measure of the effect of ground proximity on the
airplane characteristics was obtained from the test data
and, with this information, the influence of ground ef-
fect on the take-off was investigated for each of two
loading -conditions. For the same conditions the effects
of o 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. re-
cordinz instruments were mounted in the .airplane: an air-
speed recorder; an accelerometer lécated near the center
of gravity and recording accelerations along the normal,
or Z, axis of the dirplane; an inclinometer recording
the direction of the resultant of the external forces im-
posed on the airplane; a recording engine tachometer; and

~a control-position recorder connected to the elevators.

Half-second intervals of time were recorded by all the in-
struments from impulses produced by a standard timer.

An H.A.C.A, recording phototheodolite, essentially a
combination of o motion-picture camera and a recording
theodolite, provided records from which the horizoantal and
vertical displacements of the airplane relative to the
ground and its attitude angle could be determined at in-
tervalg of 1/16 second., A timer was also used in conjunc—
tion 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 discerni-
ble in the photographs.

The wind speed at the ground was measured with an in-
dicating vane anemometer.

TEST PROCEDURE

A series of eight take-offs was made with each of two



loading conditions: 2,060 poﬁnds and 2,378 pounds gross
welight. For four of the take-~offs of each series, which
will be designated "normal" take-~offs, the pilot was re-
quested to leave the ground at speeds ranging from 3 to 15
miles per hour in excess of the minimum level-flight speed
and to climd at the same speeds, attaining steady climb-
ing conditions as quickly as possible. For the four re-
maining runs, given the designation of "gzoom" take-offs,
the sgpeeds 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-offg the airplane
was headed directly into the wind. The engine was operat-
ed at full throttle throughout each run,

The phototheodolite was set up on the ground at a suit-

able distance from the course of the airplane and recorded
its motion during the latter third of the ground run and
throughout the transition and climbd to a height of about
100 feet. The procedure followed in the operation of the
phototheodolite and in the evaluation of the data obtained
therefrom was substantinlly the same as that described for
the landing tests of reference 1, although the instrument
used for the present tegts is of a later and improved de-
S1EN e

COMPUTATIONS

The results of the foregoing tests gave evidence of
sufficlently 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 date obtained from the take-off tests, however,

made vossible the derivation of the force relations required
as the basis for a series of step-by—-step integrations defin-

ing the motion of the airplane during take-off for various
conditions. In this way the troublesome factorsg 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 rccords, thus covering a consid-
erable range of flight conditions, Values of 1lift and ex-
cess thrust werc obtained for cach set of readings accord-

ing to the following procedure. The normal and longitudinal

{

-
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components of the aecrodynamic forces acting on the air-

plane F, aand F respectively, were determined from

the relations

X ¢

' W
F, = & g
Z e 2z
and
w
Fe = % a, tan 6
g
where W is the gross weight of the airplane
g the acceleration of gravity
S a,, the normal acceleration ag recorded by the
accelerometer
B, the angle of the inclinometer pendulum rela-
tive %o the normal axis of the airplane
The flight-path angle Y, referred to wind axes, was given

v
Y = gin~t ﬁ_‘l

where V, 1s the vertical velocity, determined by differ-

‘entiation of the time-digtance curves derived
" from the phototheodolite records
V, the air speed along the flight path

It was necessary, of course, to assume here that the wind

- had no vertical component, apparently a reasonable assump-

tion for average conditions according to the information
of reference 1,

The angle of attack o was then obtained fron
a = AN =~ Y

where A 1ig the attitude angle of the airplane, provided
by the phototheodolite .records, With the foregoing infor-
mation, i1t was possibdble to determine values Ffor the 1ift

L and the excess thrust Toy by resolving the forces Fy

and F, along_thé flight-path axes or,



L = F, cos a + Fp sin a = ¥ a,(cos o + tan 6 sin a)
. g =
Tex = Fy cos a = F, sin a = g a,(tan € cos @ - sin «)
The wvalues of 1ift wére converted to the coefficient form
L
OL with the relation O0p = T—w—g—v Thus the data could
s P

readily be plotted and faired as a function of angle of at-
tack. (See fig. 2.)

The fulle-throttle excess thrust is, in effect, a func-
tion of two variables, angle of attack and air speed. It
would consequently be difficult to plot these data dircct-
ly. For this reason the effective propeller thrust T,

shown in figurc 3, was calculated by means of the informa-
tion provided in recferences 2 and 3, The drag D could
then be determined from the equation D =T -~ Tgyy and
D .
thence the drag coefficicnt COp = ?~——g—;§ which could, of
z P

course, also be plotted as a function of angle of attack to
csta bllsh 2 sultably faired curve. With the data in this
form, the rclation of exccss thrust to air speed and 1ift
cocfficlient was determined by using the faired results in a
reversal of the procedurc.

In order to take into account the ecffect of ground
proximity on the 1ift and drag characteristics, honcc on
the cxcess thrust, the data were divided into two groups
and werce plotted separately, according to whether they were
obtained when the wheels of the airplane were above or be-
low a height of 10 feet from the ground. This height was
arbitrarily chosen as the line of demarcation 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 availa-
ble were insufficient to warrant further division.

The 1ift and drag coefficients evaluated by the fore-
going methods are plotted against angle of attack in figure
2. In figure 3 the excess thrust within and outside of the
region of principal ground effect is shown as a function
of 1ift coefficient and air speed. '

Sten~by~stepn integrations.- At quarter-second inter-
vals throughout the transition phase of the take~off, the
vertical acceleration ay and the horigzontal acceleration

ap of the airplane were calculated by successive approxi-
mations according to the relations




g(L cos ¥ + Tgy sin ¥ - W)

w
and
-~ g(Tgg cos ¥ = L sin Y)
ah =
W
Corresponding velocities were determined from
jor . - B +
bl . O.Eb(avo + avl) . O.25(avl avé) .
v oY, 2 2
0.25(ay _, + avn)
-+
- 2
and
0025<ah + ah ) On25(ah + ah )
T, =V, + 0 2+
h hg 2] 2

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

Ve
Y = tan™’ =¥
n
The initial values of a, and V,, i.e., at the instant

of leaving the ground, were, of course

ay = 0

and

The horizontal speed 7V, ~ at the same ingtant was the as-
o) )

sumed talke~off speed and, since at this instant

L = W



ex and thence the value B

of ay could be determined. For subsequent intervals
o]

the value of the excess thrust T

the quantities involved in the calculations were deter-
mined by the usual methods of successive approximation.

The course of the 1ift coefficient in the early part,
of the transition was prescribed by the assumption that
the transition should be of as short duration as possible.
Thig limitation, of course, required that the airplane be
pulled up quickly to the angle of attack for maximum 1ift
coefficient, as soon as the desired speed for taking off
was attained, and held at this angle as long as possible.
The 1ift coefficient was then reduced in time to prevent
the flight-path velocity from decreasing, by reason of the
inereasing climb angle, below the value designated for
the steady climb and to permit the adjustment of the 1ift
coefficient 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 at-
tacke ZExamples of the variation in 1if{ coefficient fol-
lowed in performing the calculations are shown in figure 4.

The excess thrust corresponding to the 1ift coeffi-
cient and speed occurring at a particular instant was
takey from the curves of figure 3, according to whether -
the height at that instant was greater or less than. 10, '
feets In this way allowance was made for the ground ef-’
fects ' -

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 allewable speed ‘to 20 per-
cent 1in excess of thig wvalue. Similarly, two zoom take-
offg were calculated for take~off speeds 10 percent and
20 percent greater than the minimum allowable speed at
wvhich the final steady climb was nssumed 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 1ift coefficient, 1.3. PFor all the fore-
- going 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 light-
est loading. For these cases there was introduced into
the calculations a wind velocity of 5-miles~per—~nour mag-



nitude at the ground, increasing with height according to
the relationship given by reference 1 as representing an
average wind gradient, which is

Ve He>1/”
_VWO EO

where Ty which was assigned a value of 5 miles per
hour, is the wind speed corresponding to H,, the effec-

tive height of the airplane while in contact with the
ground, assumed to be 5 feet; and VW' ig the wind speed

at any other effective height Hy, 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 Dby using the excesgs~thrust data obtaimed
above the 10-~foot level, hence sensibly outside the in-

lucnce of ground effect, throughout the integrations and
comparing the results with those obtained for similar
cascs in which the ground effect was included.

The ground-—run phase of the take-off was considered
only insofar as was neccssary to show the effects of wvari-
ations in take~off speeds and methods on the complete ftake~
offe In all cases only the distance required to acceler-
ate from a common speed of 75 feet per. second up to the
talte~off speed was calculated. In the determination of
these distances, the rolling-friction coefficient was as-
sumed to be 0.05, corresponding to an average turf surface.
The air forces werc taken from the data obtained within
the region of ground effect.

RESULTS

A summary of the results obtained from the calcula-
tions 1s given in table II. PFigures 5 through 7 show the |
calculated flight vaths of the airplane during the transie .
tion and steady climd for all the conditions investigateds
In figure 8 the distance on the ground required to acceler-
ate from o speed of 75 feet per second to the take—off
speed is plotted against take~off speed for the three load-
ing conditions. TFigures 9 through 11 show the variation
due to talie—=off speed in the air-borne distances required
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to clear heights of 50 and 100 feet for both normal and
zoom talte-offgs. These figures also show the effect of
take~off gspeed on the over-all take~off distance, i.e.,
including the ground run after a velocity of 75 feet per
second ig attained.

Figure 12 ghows the percentage difference for vari-
ous take—~off gspeeds between the air-borne distance as
calculated by the methods previously described, where due
consideration was given to the transition, and the dig-
tance that would be obtained were the transition to be
neglected., For the normal take-offs, the latter wvalue for
the distance was taken as

H

D — S

tan Y

where H is the obstacle height to be cleared and Y 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 ap-
proximate relation for the air-borne distance appeared to
be

where Vi and Vs are the ianitial and final flight-path

velocities, respectively; and Y 1is the flight-path angle
corresponding to Vz. This equation wes based on the asg-
sumptions that constant excess power was available through-
out the climb and that steady conditions were realiged
before the height H was attained. Figure 12 is intended
to indicate the extent to which the take-off i1s affected by
the transition and the magnitude of the error that might

be introduced by the neglect of the transition in the cal-
culation 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 load~
ing conditions.
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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 must therefore be
reduced to a value at which the airplane can climb steadily.
The flight paths for the zoom take-offs have a generally
similar shape; but variations in the slope are more pro-
nounced 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 1likely that the form of the transition curve shown
is representative of the form that would generally be ex-
perisnced. '

The procedure that would be required in controlling
an airplane along a path such as that described is indi-
cated in figure 4. The control column would first be
pulled back to put the airplane in an attitude of high
 1ift 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 considerably below
that corresponding to the steady climd in time to prevent
the speed from dropping velow that prescribed for the
climb, Finally, it would again be pulled back as the an-
gle of climb decreased so that the correct flight-path
angle and angle of attack for steady c¢limbing might be
sinmultaneously realized. In practice, it would probably
not be possible to synchronize, exactly, the attainment
of the proper flight-path angle and angle of attack; con-
sequently, an oscillatory rather than a steady flight path
would result, If sufficient effort were made to maintain
constant speed, however, the amplitude of thc oscillation
would not be great and the mean flight path would probably
correspond closely to the one that would be obtained under
steady conditions,

For normal take-offs, it is apparent from the cuxves

\
\,
1
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of figures 5, &, 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 1ift and,
consequently, & higher vertical acceleration, so that

the transition is completed more guickly and with less
variation in forward velocity. At the slower speced, how-
over, 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 ailrplane; thus, when the transition is com-
pleted, the height attained is greater in proportion to
the horizontal distance covered than that for the higher-
speecd 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 thsre is
little change in the air-borne distance with increasing
take-off speed up to the speed for best angle of climb
- (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 thercfore
predominant and consequently the shortest air-borne dis-
tance accurs at or near the speed for best angle of climb,
The reduction in air-borne distance, however, is more. than
offset by the inecreased 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 consider-
~ably above the minimum flying speed. It is then pulled
of f abruptly into a steep climb during which the speed is
reduced, It may be shown that an airplane runaning along
the ground at its most efficient attitude, i.e., the atti-
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tude corresponding to the minimum value of Cp - CL’

will ordinarily have, in the range of speods bctween the
minimum flying speed and a speed consideradly in excess

of the minimum, appreciably less resistance, hence great-
er excess thrust, than if it were completely air-borme

at similar speeds., The excess kinetic emergy zained in
running a given distance along the ground would be great-
er, therefore, than the potential energy that might be
gained in flight in the same distance, Thus, if the ex-
cess kinetlc energy could be converted to potential ener-
gy without too great loss, 1t should be possidble to at-
tain 2 greater height in a given distance from a zoonm
take-off than from the shortest normal take-off. This
argument is borne out in figures 9, 10, and 11 for an ob-
stacle 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
"8 percent less for the shortest zoom 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 remaining equal, the dif-
ference between the excess thrust on the grouni 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 conversion
of energy is completed is greater than 50 feet. In these
cascs, at an obstacle height of 50 feet, there is still
an excess of kinetic energy remaining, which is equiva-
lent to a loss, Therefore the zoom take-off provides lit-
tle 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 perform-
"ance by the neglect of the transition is provided in fig-
ure 12, This figure shows the percentage difference be-
tween the air-borne distance as calculated by the rigorous
method and the distance resulting from the assumption 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 magnitude. The fact of a positive error
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is undoubtedly attributadble 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 condi-
tions, 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 mini-
mum 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 the 50-
foot obstacle height, the error increases rapidly with
take-off speed to very large values, particularly with
the lighter loads, Thc 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 assuunption 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 airplane, 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; other tests, made
at some safe altitude providing steady-air conditions,
would establish the realtionship between angle of climb
and speed., These guantities, which should be largely in-
dependent of piloting effects, could then be combined,
with a suitable correction for a standard type of transi-
tion, to give the total distance reguired to take off over
obstacles of any desired height,.

The effects on the air-borne portion of the take-off
of a2 wind increasing in velocity with height are: a reduc-
tion in the speed of the airplane relative to the ground,
consequently a reduction in the horizontal distance cov-
ered in a given time; and an increased vertical velocity
due to the veloecity gradient, These effects in combina-
tion aund the effect of the wind gradient alone are shown
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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 required 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 fect, the reductions are 21 porcent and 11
percent, respectively. With the light 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 re-
ductions are 21 percent and 10 percent, respectively,

Apparently the effects of even a very moderate wind
are rather large and should be taken into account in the
analysis of take-off data, The method used in this re-
port, i,e.,, step-by-step integration, would be too labor-
ious 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 cor-
rection to the air-borne distance for the effect of wind
velocity is

T
AD, = V_ 4t
1 g; ‘)W

where VW is the wind velocity at any time t and T

is the time reguired, from the instant of leaving the
ground, to attain the height H.

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

ADy = 1,87 XV, T
0

where VW is the wind velocity at the ground.
o}

For H = 100 fest

AD, = 1.38 V, T

The effect of a wind velocity gradient on the height
attained in a given time T 1is found from the energy re-
lations to be
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V cos YAV
AH = volw

2
‘where AH "ig the difference between the heights attained
"with and without the benefit of a wind gradient, in the
same period of. tlm§,¢Whlch 1§ very nearly equivalent to
the same horizontal distance$ V 1is the air speed at the
height H; Y 1is the fllght-path angle relative to the
air at tpe height H; AV, 1is the difference between the

wind speed at 5 feet from the ground and at the effective

.

heigit Hg, The correction to the observed air-borne dis-
tance for the wind gradient is then

- AH
ADy = e
tan Y,

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

~1 Vg « Vv sin ¥
dH g

'Yl = Y - tan

For the average wind gradient

it

: Avw 0.41 Vv, , .at a height of 50 feet

0
and AVyg = 0.55 VWO’ at a height of 100 fect,

The angle of climb for mno wind is given, for an ob-
stacle height of 50 feet, by

-1 V sin ¥
Y, =7 - tan 0.0037 Vwg ¥ Tz

and, for an obstacle height of 100 feet, by

N V sin ¥

¥, = 7Y - tan ~ 0.0021 VWO'X p

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



AD = 1,27 Vy T+
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¥ cos Y X 0.41 Vwo

‘. 1 Vg ¥ sinlv\
tan | Y -~ tan 0.0037 )

AN

I}

g

and, for an obstacle heigiht of 100 feet,

V cos ¥ X 0.55 Vg

AD = 1,38 V, T + ‘

0 VWo ¥ sin Y.

0.0021 )
’ &

1

g tan <W -~ tan

The corrections as computed from the foregoing equa-
tions agreed closely with those determined by the. step-by-
step integrations, the differcnce being less than 2 per-
cent of the alr-borne distance in all the cases considered,.
In the absence of specific data on the variation of the

‘wind velocity with altitude, 1t is believed that the as-
" sumption of an average wind gradient will provide a good

approximation.

The effect of proximity of the ground on the distance
required for the air-borne stages of the take-off is shown
in figure 14, The ground effect reduces the distance re-
guired to attain an altitude of 50 feet by 10 percent with
the lightest load and by 16 percent with the heaviest load.
For an obstaclc height of 100 feet, the percentage reduc-

- tions are about one-half of those for the 50-foot obstacle.

The greater dAifference 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 strong-
est ground effect for a longer period.

CONCLUSIONS..

1. For normal take-offs the optimum conditions for
the transition phase were realized at tne slowest possible
take-off speed, Likewise, the shortest over-all distance
required in taking off over an obstacle was obtained with
the slowest speed.

2. PFor normal ground conditions, zoom take-offs re-
guired shorter over-all distances than normal take-offs,
particularly with heavy loads if the obstacle to be sur-
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mounted was sufficiently high, With light loadings and
low obstacle heights the zoom take-offs provided no ad-
vantage, '

3. The érror resulting from neglect of the transi-
tion in calculating the air-borne distance in take-off va-
ried from 8 percent with the hcaviest load considerod to
-8 percent with the lightest load for normal take-offs
over & B50~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

eglect 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 reduc-
tion 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 alonc, The correction
of observed take-off performance to no-wind conditions can
be accomplished twrough the use of relatlvely simple ¢x-~
pr3931ons :

5. The ground effect rednced the air-borne distance
required to attain a height of 50 feet by about’ 10 percent
with the lightest loading and by about 16 percent with the
heaviest loading. TFor an obstacle height of 100 fect the
percentage reductlon was about one-half as great.

Langley Mewmorial Aeronautical Laboratory, ‘
National Advisory Committee for Aeronautics,
Langley Field, Va., October 26, 1937,
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FPIGURE LEGREEDS

Figure l.- The Verville AT airplane,

Figurc 2.~ Lift and drag characteristics of the Verville
AT airplanc as determincd from take-off tests.

Fipgure 3,- Excess-thrust characteristics of the Verville
AT airplanc. '

Figure 4.~ Examples of assumed variation in 1ift coeffi-
cient during transition., The Verville AT airplane,.

Pigure 5.~ Welght, 2,060 pounds,.

Figure 6.~ Welgzht, 2,378 pounds,

Figure 7.~ Weight, 2,800 pounds,.

FPigures 5 to 7.~ Flight paths followed in transition and
steady climb for normal and zoom take-offs for the
Verville AT airplane at various speeds,

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

Figure 9.~ Weight, 2,060 pounds,.

Figure 10,~ Welght, 2,378 pounds.

Fizure 11.-~ Weight, 2,800 pounds,.

Pigures 9 to 1ll.,- Variation of take-off distances with
take-off speed for the Verville AT airplane,

Figure 12.- Brror in air-borne distance due to neglect of
transition for the Verville AT airplanc,

Figure 13,- Effect 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,

Figure 14.- Effcct of ground proximity on the flight path
of the Vorvillce AT airplane during transition and steady
climb,



TABLE I -~ Characteristics of the Verville AT Airplane

Engine -~ Continental A-70

Prope

Wing

Test

L Y

ller - Metal, fixed pitch:

Blade section .
Diameter . . .

Blade-angle sett

ing at 0.75

dimensions - Clark Y-15:

Total area , .
Span,
Span,
Chord,
Chord,

loadings:

Gross weight .

Wing loading .

Power loading .

Gross welilght .,
Ting loading
Power loading .

upper wing
lower wing
upper wing
lower wing

-

R

2l

i65 hp. at 2,000 r.p.n,

- .

.« + + o Clark ¥
« + +» 8 ft. B in,
o . 12.8°
. . 262.5 sq. ft.
P ) A i
« o o « . 31 ft,
¢+ « « o B0 in.
. « + « o 50 in,
. . . 2,080 1b,
7.8 1b. per sq. ft.
12.5 1b, per hp.
. .. . 2,378 1v,
9.1 1b, per sq., f%.
14,4 1b, per hp.



TABLE II - Take~-Off Distances for the Verville AT Airplane From Step-by-Step Integrations

Obstacle height= 50 £t CObstacle height = 10014,
Ground~ Hori- Tangent Hori-| Total | Total Hori- | Total | Total
run |Height|zontall o gontal] alr-| dis- gzontal | air- dis~
Power | Wing |Take-~off|Climbing| dis- at~ | dis- | angle | dis- |borne| tance dis- | borne | tance Remarks
Weight |load- {loading| speed speed tance |tained|tance of tance | dis-| from tance dis~ from
ing (air) (air) from in for |steady | for |tance|V =75 for tance | V= 75
V = 75| tran-|tran- |climb, | steady f.p.s. steady f.p.s.
f.p.s8.|sition{sition climb clinmb
(m.{ (16./ Y
(10.) | Bp.) lag.£t.) | (f.p.s.) [(f.p.8.) | (£5.) |(£t.) |(f%.) (£5.) | (£8.) |(££.) (£6.) | (£%,) | (£5.)
75.5 75.5 7 74.5 | 534 [0.1441 | -~ 370 377 176 710 717 w
83.0 83.0 89 47.23 348 .1464 20 368 | 457 359 707 796 Normsal.
2,060| 12.5} 7.8 90.0 90.0 208 39.2 314 .1366 78 333| 600 444 758 966
82.0 75.5 89 83.5 | 483 1441 | mem 387| 374 131 604 893 } Zoom
90.0 75.5 208 101.0 | 490 L1441 ) --- 337! 445 —— 483 680 .
81.0 81.0 o8 46.2 | 491 .0830 40 531 639 573 | 1,083 | 1,161
88.0 88.0 317 6.5 | 396 .0969 139 535| 753 654 |1,050 | 1,367 Normal.
3,378 14.4; 9.1 96.0 96.0 392 28.6 335 .0894| 2338 573| 965 799 | 1,134 | 1,538 ?
. ¥o wind
88.0 81.0 317 65.0 | 519 20930 | ~=— 367 684 376 895 | 1,112 } Zoom
96.0 81.0 392 88.3 | 550 L0930 | - 369| 661 135 675 | 1,087 o
88.0 88.0 274 28.0 | 5236 .0455 | 483 |1,008(1,283 1,581 | 2,107 | 2,381
96.0 96.0 490 23.7 433 .0603 | 543 975|1,465 1,540 | 1,973 | 2,462 Normal .
3,800 17.0| 10.7 104.0 104.0 782 15.0 312 .0443 786 | 1,098/1,880 1,917 | 23,2329 | 3,011
96.0 88.0 490 48.5 | 543 .0455 13 5565!1,045 1,108 | 1,650 | 23,140 } Zoom
(104.0 88.0 783 68.7 | 509 0455 ——- 302]1,084 688 | 1,195 | 1,977 -
75.5 75.5 —_— — —— —_— — 300| -=- ——— 561 — 5 m.p.h. wind + gradient,
2,080 18.5/ 7.8 [ 75.5 V5.5 mmm | == | ——— | e 337 - — 843 | --- | Wind gradient only.
88.0 88.0 - — —-— — ——— 756] wem — 1,665 == |5 m.p.h. wind + gradient.
2,800| 17.0| 10.7 { 88.0 B8.0 | —mm | e | m—m — | e 844| ~mm - | 1,878 | --- | Wind gradient only.
2,080| 12.5| 7.8 75.5 75.5 | -— | 63.3| 495 — - 404| -—- 254 749 | -— | No ground effect.
2,800 17.0{ 10.7 88.0 88.0 —— 10.6 | 308 — 865 | 1,173| -—— 1,962 | 3,370 w——en No ground effect.
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Pigure 1.~ The Verville

AT airplane.
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