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SUMMARY

A method of estimating the airborne path during take-off is proposed,
based on the assumption that the aircraft is rotated at a constant rate of
pitch from the moment of lift-off to the point at which it attains a steady
climb path. The Justification for this assumption is discussed. A simplified
analysis, using small perturbation equations of motion, has been developed for
initial project studies. Examples of the method applied to a slender wing
transport alrcreft, and a lightly loaded STOL alrcraft are given, and the
factors affecting the value of rate of pltch used are discussed.

¥ Replaces R.A.E. Technical Report 63071 - A,R.C, 3052¢



2 o7l
CONTENTS Page
] INTRODUCTTON 3
2 REASONS FOR ASSUMING A CONSTAKT RATE-OF-PITCH MANOEUVRE 4
3 SIMPLIFIED ANALYSIS OF THE CONSTANT RATE-OF-PITCH MANOEUVRE 6
y APPLICATIONS OF THE ANALYSIS 10
41 The esirborne path for a slender wing transport aircraft 10
4,2 The airborne path for a lightly loaded STOL aircraft 12
5 CONCLUSIONS 13
Appendix A A simplified analysis of the constant rate-of-pitch 15
mgnoeuvre
Tables 1-3 17-19
Symbols 20
References 21
Iillustrations Figures 1-10

Detachable abstract cards

.



o

) 2

Ld]

1 INTRODUCTION '

The take-~off distance of an aircraft is normally measured from the start-
ing point of the ground run to the point at which it reaches some specified
height above the ground. The length of the ground run depends mainly on the
physical characteristies of the aircraft and airfield, but the airborne dis-
tance is also dependent on the way in which the pilot controls the aircraft.
An assumption regarding piloting technique is therefore necessary before the
airborne path of a new aircraft can be predicted.

The purpose of this Report is to suggest an slternative method to those
currently used for estimating airborne paths during take-off. Details of these
methods are given in the referencest- and it is only necessary here to outline,
the assumptions on which they have been based. The airborne manoeuvre has
previously been taken to be one in which either the lift coefficient, or the
normal acceleration, remained constant; or one in which a certain speed incre-
ment was allowed to develop. There seems to be no experimental evidence to
suggest that the first two of these represent manceuvres which are consciously
aimed at by the pilot, and it is believed that they were chosen largely because
of thelr simplicity and convenience. Consequently, the values of lift
coefficient or normal acceleration to be used must be arrived at empirically.
The other method, which is hased on the energy equation, only defines the
flight path when the variation of speed during the manoeuvre has already been

prescribed,

The alternative method proposed in this Report sssumes that the pilot
controls the aircraft so that it has a constant rate of pitch, from the moment
it leaves the ground until it reaches its steady climbing flight path. The
reasons for this assumption will be given in detail in section 2, but they may
be summarised here as follows:

(1) There is evidence from records of real and simulated take-offs that
the technique actually used by pllots results in a manoceuvre resembling one
with constant rate of pitch.

(2) Rate of pitch and pitch attitude are two flight varisbles which can
be directly sensed and controlled by the pilot. We might therefore hope to
find a more rational pattern in the rates of pitch used in practice, than for

a8 less readily perceived varishble such as the lift ccefflicient,
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(3) Control of rate of piteh 1s the basis upon which a Take-Off
Director instrument is currently being developed,

This method of predicting the airborne path is particularly applicable
to sircraft which require sppreciable changes in piteh attitude during the
initial climb. It also assumes that changes in lift are produced by changes
in incaidence, in the conventional manner. Consequently some classes of STOL
aircraft cannot be treated {(e.g. tilt-wings). There may also be difficulties
where a conventional aircraft is operating close to its Weight, Altitude and
Temperature (WAT) limits, since the climb angles involved will then be very
shallow. In the latter case a simpler analysis5 based on the energy equation
may be adequate.

During the initial project stages of an aircraft design, methods of
estimation of great complexity are often not warranted because of the tentative
nature of the data available., TFortunately, the solutions to the egquations of
motion for constant rate-of-pitch manoeuvres can be presented in a simple
generalised form when the same approximations as those used in current methods
of take-off estimation are assumed. This simplified analysis is presented in
section 3 of the Report, and its application to the take-off of a slender wing
transport, and to & lightly loaded STOL aircraft, is illustrated in section 4,
These cases cover the likely range of interest, conventional airecraft falling

- ——m— O

between them.

2 REASONS FOR ASSUMING A CONSTANT RATE-OF-PITCH MANCEUVRE

Figs.| and 2 show some of the experimental evidence on which the proposed
method of estimating the airborne path was based. Time histories of take-offs
made on a piloted flight simulator are shown for a conventiocnal jet transport
alrcraftg, and for a large slender wing aircraft like the Concordelo.

Numerous individual records have been superimposed on each of these figures

to reveal the underlying characteristics of the take-off. The remarkable
consistency shown between the individual records in Figs.l! and 2 can be
achieved on & flight similator because identlcal conditions can be assured for
each take-off, and because random external disturbances, such as those due to
atmospheric turbulence, can be eliminated. As a help in assessing the validity

9

of such tests, Fig.3 shows a comparison” between real and simulated take-offs
for the conventional jet transport aircraft (a Comet 3b)}. Much more random
scatter from run to run is now evident, but the same underlying characteris-

tics of the take-off are still apparent,
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The studlies from which Figs.,l and 2 are takeng’lo were concerned, in
part, with the develcpment of the Take-0ff Director instrument mentioned
earlier, and records for both undirected and directed take-offs are reproduced.
The probable use of Take-Off Directors in the future is an added argument in
favour of the proposed method of estimation, and this is discussed

subsequently.

Although the rate of pitch records of Figs.! and 2 show numerous short
period fluctuations, the pitch attitude records may be quite closely repre-
sented by three straight line segments. These correspond to the initial rota-
tion into the lift-off attitude, the flare up to the steady climb, and the
steady climb itself. A suggested model of the take-off, based on this three
segment approximation, is shown in Fig.4#. The present Report is concerned
mainly with the second of these three phases; the flare-up to the steady
climbing angle. In the case of the two alrcraft studied on the simulator the
mean rate of pitch during this phase was typically about 1°/sec.

From the piloting aspect, take-off procedures are usually specified in
terms of achieving certain speeds at certain points in the take-off. However,
the short time scale between lifting-off and achieving the steady climbing
attitude probably prevents the pilot from exercising direct 'closed-loop! con-
trol over the speed during each individual take-off. Instead, it is believed,
he learns during training, and through experience, a programme of pitch
attitude changes which will result in the desired speeds being achieved in an
Yopen-loop! manner. This closed loop control of attitude, rather than speed,
arises because attitude is the variable which he can sense and control most
directly. The use of the same wvariable in the estimation method then becomes
all the more desirasble, since performance and handling considerations may
thereby be inter-related.

Finally, the expected introduction of Take~0ff Director instruments into
service provides a further argument in favour of the proposed method of estima-
tion. The director is an instrument which senses deviations from a desired
flight condition, and also those factors tending to change that deviation, in
order to provide continuous instructions to the pilot. A mull reading is
usually given when a sultable corrective response has been generated in reply
to an error signal. This corrective response could be a change in control
position, or it could be a change in a sultable flight variable such as pitch
attitude or rate of pitchl]. In fact, rate of pitch is the usual form of
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response signal in the director systems now being studiedg’lo. One important
practical feature with such a system is that the error signal to the Director

usually has an upper 1limit, irrespective of the actual value of the error, in

L]

order to avoid demanding rates of pitch larger than those which the pilot can
safely handle. With such a limit in operation the demanded manoeuvre is one
having a constent (maximum allowable) rate of pitch, and so is the same as

that assumed in the present analysis.

There is also some evidence to suggest that pilots who have once used
a Take-Off Director subsequently model their take-off technique on its laws,
even when it is not in use. TIf this were generally so, the adoption of such
instruments should lead to even more widespread use of the type of take-off

mancoeuvre assumed here,

3 SIMPLIFIED ARALYSIS OF THE CONSTANT RATE-OF-PITCH MANOEUVRE

The take-off manceuvre is difficult to treat snalytically because of the
non-linearities introduced by ground effect, and because the aircraft con-
figuration may be changing due to undercarriage retraction. A detailed study
of any particular problem will usually involve mumerical calculation of the

step~-by-step type‘z, allowing these effects to be taken into account. The

»  ——— g

assumption of a constant rate-of-pitch manceuvre is still readily applicable

to such calculations. However, there is alsoc the need for simpler methods,
more appropriate to the early project stage of an aircraftls development, where
sufficient information to warrant the more detailed type of study 1s not
usually available, The following simplified analysis of the constant rate-of-
pitch manoeuvre uses approximations which are comparable to those adopted in
most of the published methods. Because this simplified analysis is based
essentially on the concept of small perturbations in the wvariables, some care
is needed in its application. Much must be left to the judgement of the user,
the range of validity depending, to some extent, on whether the particular
emphasis is on quantitative results or on obteining a more qualitative assess-
ment of the take-off manoeuvre, It is felt that its principal application will
be in estimating the flight path between the lift-off point and the screen
height of 35 or 50 ft¢.

The aircraft is initially assumed to be at the lift-off incidence @

with a 1ift coefficient CL and at the lift-off speed Vo. Subsequent speed F]
o]
and incidence changes will be denoted by u and Ao, The eguation of motion

normal to the flight path i1s then: .
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where ¥ 1s the flight path angle (assumed small, so that cos ¥ = | and

sin 7 = 7), and n, = a‘/CL per rad, is the increment in load factor per unit
o
change of incidence at the lift-off speed. The real value of qm will vary

continuously throughout the manoeuvre, due tc changes in ground effect, but for
this simplified analysis it is necessary to assume a mean value of n, which
takes this varietion into account. It is difficult to generalise on the
variation of nq' with helght, For instance wind tunnel tests on a typical

13

subsonic jet transport model ~ showed a decrease in lift curve slope of 10-15%
between the *on ground® and "free airt conditions when the flaps were retractedq,
but & negligible difference with the flaps at the take-off setting. In choosing
a value for n conslderation must also be given to the size of the aircraft,
since appreciable ground effect is only experienced below a height of about

one semi-span., Small sirecraft will therefore be affected much less than large
ones when operating to the same screen height, It should alsoc be pointed out
that this analysis does not take into account the variation with height of the

1ift coefficient at the datum incidence.

Substituting for the lift-off condition, 4p vi S$C, =mg in

L
Q
equation (1) and neglecting terms of the second order, we have:

> - B 2gu
7 = Vonam+ 5 ‘ (2)
o

L]

The equation of motion along the flight path, with the same approxima-

ﬁ=s[T,}D-] . (3)

representing the balance of thrust and drag forces, will

tions, is

The term = ; D ,

again vary in some complex manner during the manoeuvre, but must be given an

equivalent constant value in this simplified analysis.

The third relationship between the variables u, ¥ and & arises from
the condition that the rate of pitch shall be constant dquring the manoeuvre:

>

y + 8 = @ (constant) . (®)



Then, equations (2), (3) and (4) may be solved (Appendix A) to yield the
following expression for the variation of climb angle with time:

: 2o @ @

. (5)
T-D + vo ] na l
W 2g

-n + n2 -8
a. \! [V
2

where h1, ha =

The left hand side of (5) is simply proportional to 7 by a factor which

depends only on the constants of s given problem. The right hand side is a

function of the non-dimensional time variable (:EE and of the problem para-

VC)

meter n_ . Generalized climb gradient time histories for different values of

n_ may be drawn by plotting the function F(r) {= 7V T, against
T-D
+

W
<%—E>‘ . Values of this climb gradient function for the range of n_and (gt>
o]

li1kely to be of interest are listed in Table 1, and the generalized time
histories are plotted in Fig.5.

The variation of height with time is found by integration of the
equation:
dh _
a& - Vo ¢ (6)
This neglects the effect of the increase in speed during the manoeuvre

so that the height will tend to be underestimated. The resulting height
expression (derived in Appendix A) is:

. (7

o7l
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Generalized height time histories for different values of n  may be drawn,
in a similar manner to those for the climb gradient, by plotting the function

F(h) [= = h ageinst the time variable (%E) . Values of
Xg T-D + Vo Q 2q °
g W 2g

this height function are listed in Table 2, and the generslized time histories
are plotted in Fig.6.

The variation of speed with time is most readily found from the energy
equation., The net work done up to any point in the take-off must equal the
increase in potential and kinetic energy. Since the resultant longitudinal
force (T ~ D) has been assumed constant, this leads to the following expres-

sion (neglecting second order terms):
(T - D) Vit = mVu+mgh

or, rearranging:
u _ I-Dfgt)_gh
v = W <v ) 2 (8)
o] o] Vo

An expression for the variation of the helght h with time has already been
glven in equation (7). Hence, the speed increment at any point can be
calculated from (8).

Once the time to reach a given height has been found, the airborne dis-

tance may be calculated simply as

s, = V,t (9)

which agein neglects the increase in speed during the manoeuvre.

A further feature of interest during the take-off is the variation in
incidence and, more particularly, the maximum value of incidence used. Inte-

gration of equation (4) gives the expression for the incidence at any point:

o = a +Qt-Y (10)

where 7, as a function of time, is given by equation (5). It is further
shown in Appendix A thaet the incidence has a maximum (or minimum) value when

the following expression is satlsfied:
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T-D+Vo¢na] ! 2
8 W 2g

e | M) M)
e - e

To ensble the point in time taf at which equation (11) is satisfied to be

found rapidly, velues of the right hand side of %the expression have been

tabulated in Table 3 and plotted in Fig.7 for a range of %E;) and n_. For
Qv

Q
T -D + vo Q Og
g7 g

with the plot of F(t&) to find the time at which the maximum incidence

any particular problem

may be evaluated and compared

ocecurs, The actual value of the incidence can then be found from

equation (10).

4 APPLICATIONS OF THE ANALYSIS

The use of this simplified analysis is illustrated in this section by
two examples, The first concerns the take-off of a large slender wing trans-
port aircraft, of the type studied in the simulator tests mentioned earlier.
The second is for an STOL aircraft, in which the required take-off performance
is achieved by low wing loading and high thrust-weight ratio. In this
example the proposed method of estimation is also compared with that which

assumes constant 1lift coefficient during the manceuvre,

b The airborne path for a slender wing transport aircraft

For this example & wing loading of 85 lh/ft2 was chosen together with a

C; &t lift-off of 0.625, giving a 1lift-off speed of 200 kt (338 ft/sec).
0

Although the 1lift curve slope of this low gspect ratio aircraft is small,

(aI = 3,75 per rad) the lift-off speed is high relative to other aircraft of
similar wing loading, so that the increment in load factor per unit change 1n
incidence, (nq‘= 6 per rad) is at the top of the range considered. A

z a D . 0.12 was used. Time histories of the airborne part

typical value of

of the take-off, calculated according to the analysis given in section 3, are

shown in Fig.8 for two values of rate of pitch; @ = O.5°/sec and @ = l.0°/sec.

With most of the simplified methods of take-off estimation & difficulty
occurs when the airecraft reaches the steady climbing path, since an instanta-

neous adjustment in incidence is theoretically required to settle it on the

o7

$ - e 2

!
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steady climb., This is illustrated in Fig.8 where step changes in attitude and
incidence are indicated. In practice such adjustments are unlikely to be
required, since the pilot will have anticipated them by fairing smoothly into
the steady climb. At this stage the continued validity of several of the
approximations in the simplified analysis 1s, in any case, becoming doubtful.
For the slender wing aircraft, lift-off and initial climb are made at speeds

well below minimum drag speed, so that the factor is actually increas-

-~ D
W
ing with increasing speed. This makes it desirable to adopt an accelerating
climb, rather than a steady climb, for a period immediately after the flare
up. Such limitations in the analysis are probably relatively unimportant in

the context of initial project studies for which it is intended.

The choice of rate of pitch to be used in the flare up depends on
geveral factors., Firstly, there are various overriding limitations on the
meximum rate of pitch which can be used, irrespective of performance considera~-
tions, One of these is the fastest rate which a pilot will feel that it is
safe to use from the point of view of maintaining adequate control. More
experimental study is needed to find values for this limit, and the factors
which affect it. In the absence of such studies, a value of 13°/sec is
suggested as being appropriate to commercial transport operations., Another
limiting factor may be the meximum incidence reached during the manoceuvre.
Fig.8 shows that doubling the rate of pitch more than doubles the increase
in incidence during the flare up. Furthermore, this peak in incidence is
dependent on the 1lnitial longitudinal acceleration, and a combination of high
rate of pitch with low thrust-weight ratio may bring the incidence to dangerous
levels. A further point which must be considered is the danger of striking the
tail on the ground. P:i.n.sl:-ser”’L has shown that this may be more critical a
second or so after lift-off than at lift-off itself,

If none of these factors are overriding, the correct rate of pitch will
be determined by the need to keep & proper balance between the gain in height
and the gain in speed. A high rate of pitch will result in a rapid gain in
height, and therefore a shorter take-off distance, but it may mean that the
required safety speeds are not attained. Too low a rate of pitch, on the other
hand, will result in an excessive gain in speed at the expense of height and
will lead to an over-long take-off distance. Just as the best rate of pitch
must be found during the prototype flight trials by a process of trial and
error, so0 the estimation should cover a range of pitch rates to yield the most

acceptegble value,.
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As an example, one take-off procedure suggested for this type of
aircraft'C required a gain in speed of 5 kt (8.5 £t/sec) at the screen height
of 35 ft, and of 13 kt (22 ft/sec) by the time the aircraft had reached =
height of 200 ft. Fig.8 shows that the second requirement determines the
maximum rate of pitch which can be used; in this case about 0.75°/Sec.

4,2 The airborne path for a lightly loaded STOL alrcraft

In this example we shall consider the case of an aircraft specially de-
signed to take-off in short distances; of the order of 1000 ft, compared with
the 8-9000 ft needed for the slender wing transport aircraft. This is achieved
by e low wing loading w = 20 1b/ft2; & high take-off 1ift coefficient

CL = 2, and a high thrust-weight ratio, resulting in a value of T ; D 0.35.
o

It is assumed that the aircraft would be of large aspect ratio, giving a high

lift curve slope (al = 6 per rad), but because of the low take-off speed of
54 kt (92 ft/sec) the increment in load factor per unit change in incidence is
only half that of the slender wing aircreft (nu'z 3 per rad).

Fig.9 shows time histories of the airborne path, calculated by the
methods given in section 3, for constant rates of pitech of I°/sec, 3°/sec and
6°/sec. Once again, more experimental data is required to establish the
maximum rates of pitch which pilots would be prepared to use for this type of
STOL operation. Until recently a maximum of 3°/sec would have been considered
likely, but a U.S. flight study with a COIN type STOL aircrai‘f:IS
of pitch as high as 11°/sec being used,

* — e a

has shown rates

It must be admitted at once that, with the magnitude of thrust-weight
ratio chosen for this example, the concept of small perturbations used in the
simplified analysis can hardly be justified, at least from the point of view
of obtaining results which have good absolute accuracy. However the results
are of interest in showing the relative magnitude of the variables and for
giving a general impression of the manoceuvre, The main differences to be seen
in the manoeuvres of Figs.8 and 9, apart from the obvious differences in time
scale, concern the degree %0 which incidence mist be reduced as the manoeuvre
progresses. For the STOL aircraft, with its low thrust loading and lower value
of na? the ineidence must he reduced quite rapidly if the increase in 1ift
caused by the build up in speed is not to produce an excessive steepening of
the flight path. In fact, there seems to be litile danger of stalling this ¥
type of aircraft during take-off, provided that power failure does not occur,
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It should be remembered that the method of estimating height in this analysis
ignores the effect of the speed increment in the kinematic equation (6) so that
the height will tend to be underestimated.

The maln differences between the constant rate of pitch method of estima-
tion, and that assuming constant CL during the manoeuvre, are shown in Fig.l10.
For the latter case it was assumed that the 1ift coefficient was held at the
same value as for lift-off, CL = 2 (and that the incidence remained constant ).
The climb angle and pitch attitude would then be equal during the manceuvre,
The constant CL manoeuvre starts off more gently than that at constant rate
of pitech, since curvature of the flight path depends entirely on the additional
lift generated by the increase in speed. By the end of the msnoeuvre however,
it is much more violent, with rates of pitch of nearly 10°/sec, The adjustment
in incidence then theoretically required to settle the aircraft in the steady
climb is also, of course, much larger. For the two cases shown in Fig.10 the
actual differences in flight path are not great, but it will be appreciated
that one is obtained by a manoeuvre which is scarcely credible in practice,
while the other is based on actual pilot behaviour., This may be of some

importance when attempting to estimate the airborne path for novel situations.
5 CONCLUSIONS

A basis for estimating airborne paths during take-off is provided by
the assumption that the pilot controls the aircraft so that it has a constant
rate of pitch, from the moment it leaves the ground until it reaches its
steady climbing flight path, This assumption is supported by evidence of
pilots? actual behaviour, by consideration of the variables which can be
perceived and controlled most easily, and by modes of operation which will
result from the introduction of Take-Off Director instruments.

The choice of an appropriate velue for rate of pitch mey be determined
by & number of factors. There is the need to achieve a correct balance between
the gain in height and the gain in speed, so that the take-off distance is a
minimum, consistent with achieving required safety speeds. There are also
overriding limitations in rate of pitch due to the maximum incidence which can
be used, to the need for avoiding tail strikes on the ground, and to the
maximum values of rate of pitch which pilots feel that it is safe to use from
the handling point of wview, Further experimental data on this handling feature
are needed. Until this is forthcoming, maximum rates of pitch of 14°/sec for
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commercial transport operations, and 3°/Sec for STCL operations are suggested,
although there is some recent U.S. evidence that much higher rates of pitch
might be used in maximum effort STOL take-offs.

The assumption of a constant rate-of-pitch menoceuvre has been used, in
conjunction with & small perturbation solution of the equations of motion, to
give a simple method of estimating the airborne path during take-off. This
method is felt to be adequate for initial project studies and is thought to
be superior to some currently used methods, such as those which assume a
constant lift coefficient or a constant normal acceleration, since it repre-

sents a manoeuvre which is more realistic.

§ T

1
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Appendix A

(Reference: section 3)

A SIMPLIFIED ANALYSIS OF THE CONSTANT RATE~OF-PITCH MANOEUVRE

The three equations conteining the variables u, 7 and Ao are given in
section 3 of the text as follows:

For motion normal to the flight path, (equation 2),

y = B
7 = vo a 2 . (A-])

For motion along the flight path, (equation 3),
ﬁ=g[T;D-7:| (a-2)

and from the condition of constant rate of pitch (equation 4)

7y +ha = Q (A-3)

Then differentieting (A-1) w.r.t. time gives

2
y = {%naamv—? (A-4)
o

and substituting for Aa from (A-3) and for 4 from (A-2) leads to the
following differential equation in 7.

gn 2 g qQ 2
‘3"+V-9'7'r+2—g-7 = vu. +2L<T;‘D> (A-5)
o} Vo o vﬁ

which has the solution; for initisl conditions 7 = 0 when t = 0Q:

M0,

1y (Aa-6)

T-D Vv.Qn A Al({%) Al
7=[;I+o2gm:]?\27\.e “KTX
1 2 2
-n_ % n2 -8
where 7\.1 ’ Ae =2 5 & .
The height variation is found by substituting this relationship for 7
into equation (6) of the text:
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() . )
vo Q Rm] AE ! vo Al 2 vo
A'l + 1

v |I=D, . )
o ) 2g - A Ao - A

e
2 1 2
Then aintegrating w.r.t, t, and with initial conditions h =0 when t =0

e

(a-7)

gt gt
v V. Q@n A KI(V A ’\2 \
h o= 2 [T -D L0 u} 2 e o/ ] e 0
g W 2g kl(ll - AE) Xelxl — ng
A+ A
+ —lvga + ;,ﬂ . (A-B)
o

The variation of speed, distance and incidence with time during the manceuvre
are given by equations (8), (9) and (10) of the text.

The point at which the incidence is & maximum or minimum may be found by
setting Aa = 0 in equation (A-3), showing that the required condition is

Y = Q
or, by differentisting (A-6);

l'T -p, %" “a," M Ao :'(%>_ :26%)
W ( )

eg A=A

£ =
7 = Q . (A-9)
o

£y}

* - Mam .

-k
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Tedble |

S OF THE CTION F SED
THE CLIMB GRADIENT EQUATION

F(7) for values of nu‘(per rad)

12
Vo 3 4 5 6
0,10 0.0091 00,0088 0.0085 0.0072

0.20 0.03%29 0.0310 0.,0293 0.0278
0.30 0.0672 0.0618 0.0571 0.0529

0.40 0.1087 0.0979 0.0888 0.0810
0.50 0.1548 0.1369 0.122% 0.1102
0.60 0.2036 0.1773 0.1565 0.1396
0.70 0.2534 0.2179 0.1904 0.1687
0.80 0.303%2 0.2581 0.2237 0.1971
0.90 0,3522 0.2971 0.2562 0.2247
1.00 0.3996 0.3348 0.2875 0.2516

1.25 0.5091 0.4225 0.3608 0.3148
1.50 0.6035 0.,5000 0.4270 0.3729
1.75 0.6827 0.5675 0.4859 0.,4260
2,00 0.7476 0.6262 0.5397 0.4747
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Table 2

VALUES OF THE FUNCTION F{h) USED

IN THE HEIGHT EQUATION

F(h) for values of na’(per rad)

gt
v
° 3 b 5 6

0.10 0.0003 0.0003 0.0003 0.0003
0.20 0.0023 0.0022 0.0021 0.0020
0.30 0.0072 0,0068 0.0063 0.0060
a.b4o 0.0160 0.0147 0.013%6 0.0127
0.50 0.0291 0.,0264 0.0242 0.0223
0.60 0.0470 0,0422 0.0381 0.0347
0.70 0.0699 0.0619 0.0555 0.,0502
0.80 0.0977 0,0857 0.0762 0.0685
0.90 0.1305 0.1135 o002 0.0896
1.00 0.1681 0.1451 0.1274 0.,1134
1.25 0.2820 0,2400 0.2086 0.1843
1.50 o.4214 0.3555 0.3072 0.2703
1.75 0.5824 0.,4891 0.4226 0,3703
2,00 0.,7615 0.6385 0,5499 0.4830
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Table 3

VALUES OF THE FUNCTION F(ta) USED TO

FIND THE POINT OF MAXTMUM INCIDENCE

gt F(ta) for values of n_ (per rad)

Vo 3 4 5 6

0.10 0.1722 0.164% 0.1569 0.1500
0.20 0.2968 0.2717 0,2495 0.2299
0.30 0.3840 0.3393 0,3018 0.2704
0.40 0.4420 0.3789 0,3288 0.2885
0,50 04773 0.3993 0.3400 0.26941
0.60 0.4952 0.40o64 0,3415 0.2928
0.70 0.5000 0.40o45 0.3370 0.2877
0.80 0.4949 0.3965 0.3290 0.2806
0.90 0.4825 0,3846 0,3189 0.272h
1.00 0.4651 0.3704 0.3078 0.2639
1.25 0.4088 0.3301 0,2788 0.2424
1.50 0,3467 0.2895 0,2508 0.2221
1,75 0.287 0.2519 0,225% 0.2033
2.00 0,2340 0.2184 0.2018 0.1861
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SYMBOLS

Meaning

lift curve slope

take-off 1lift coefficient

aerodynamic drag
climb gradient function defined in section 3
height function defined in section 3

function for determining the point of maximum
incidence

acceleration due to gravity
height above ground
aircraft mess

increase in load factor per unit change in incidence

rate of pitch used in the manceuvre
wing area

airborne distance during take-off

thrust
time from lift-off

time at which maxirmm incidence occurs

speed increment during take-off
lLift-off speed

aircraft weight
ineidence
lift-off incidence

incidence increment during airborne phase
flight path angle

aircraft pitch attitude

roots of the characteristic equation, section 3

air density
wing loading

o7l

Units

per rad

1b
rad

rad

ft/sec2
£t

slug
rer rad

rad/sec
sq 't

1b
sec

sec

ft/sec
ft/sec

1b
rad
rad

rad
rad

rad

slug/ft3
1b/£t2
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