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ABSTRACT

The basic objective of the work reported herein was to provide a broader
technology base to support the development of a medium STOL Transporc (MST)
airplane. This work was limited to the application of the externally blown

flap (EBF) powered 1lift concept.

The technology of EBF STOL aircraft has been investigated through
analytical studies, wind tunnel testing, flight simulator testing, and design
trade studies. The results obtained include development of methods for the
estimation of the aerodynamic characteristics of an EBF configuration, STOL
performance estimation methods, safety margins for takeoff and landing, wind
tunnel investigation of the effects of varying EBF system geometry parameters,
configuration definition to meet MST requirements, trade data on performance
and configuration requirement variations, flight control system mechanization
trade data, handling qualities characteristics, piloting proceduves, and
effects of applying an air cushion landing system to the MST.

From an overall assessment of study results, it is concluded that the

EBF concept provides a practical means of obtaining STOL performance for an
MST with relatively low risk. Some improvement in EBF performance could be
achieved with further development - primarily wind tunnel testing. Further
work should be done on optimization of flight controls, definition of flying
qualities requirements, and development of piloting procedures. Considerable
work must be done in the irea of structural design criteria relative to the
effects of engine exhaust impingement on the wing and flap structure.

This report is arranged in six volumes:

Volume I - Configurarion Definition

Volume 11 - Design Compendium

Volume If1 - Performance Methods and Takeoff and fanding Rules
Volume IV - Analysis of Wind Twwel Data

Volume V - Flight (atrol Technology

Part 1 - Control Svstem Mechanization Trade Studies

Part il - Stmulation Studies/Flight Coatrol System Validation

Part 111 - Stability and Control Derlvative Accuracy
Requirements and Effects of Augmentation System Design

Yolume VI - Air Cushion Landing System Trade Study
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The present document represents Volume III and is generated to provide
a technical basis for a STOL supplement of MIL-C-5011A, '"Military Speci-
fication; Charts, Standard Aircraft Characteristics and Performance,
Piloted Aircraft,' dated 5 November 1951. This supplement is intended
to provide takeoff and landing performance criteria for STOL aircraft.
The present volume also presents methods for the computation of the field
performance on the basis of such new criteria.

The performance criteria are suggested in terms of safe speed mar-
gins, maneuver capabilities, engines failure considerations and angle of
attack margins to accamodate gusts for a typical medium sized STOL
transport. Namograms for the determination of the takeoff and landing
distance are presented along with their derivation. Sample aerodynamic
data are used to show how the best STOL performance can be obtained
under the constraints of sich new STOL performance ground rules.

The criteria and the performance methods were generated with the
externally blown flap lift/propulsion system as the technical background;
however, both, the criteria and the performance methods are sufficiently
general to be applicable for many other lift/propulsion concepts.
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Section I
INTRODUCTION

In the past, flight safety rules for landing and takeoff were re-
lated to a definition of the stall speed in which power effects were
ignored. This definitis was introduced several decades ago when the
level of engine power was ::latively low and the effect of power on the
minimum speed was relatively insignificant. lowever, with elapse of
time, the power installed in the airplanes grew in connection with
increasing cruise speed, and thus the potential of using power for the
decrease of the stall speed became stronger.

Recently, interest was focused on using aircraft with short takeoff
and landing (STOL) capability to increase mobility and decrease traffic
congestion, for example by using a number of small airfields instead o
fewer large airports. Also, important militarv lsgistic: benefits can be
derived from such a capability. As a result, short takeoff and landing
aircraft studies have been made where power effects were used to reduce
the stall speed, and a variety of lift/propulsion concepts have been
found suitable to achieve this. In order to make use of this reduced
speed new takeoff and landing ground rules or criteria have to be estab-
lished to assure flight safety, taking into account typical STOL aircraft
characteristics. Such characteristics are associated with these power
effects such as aircraft motion after engine failure, and are associated
with sensitivity to gusts because of the low forward speed. Furthermore,
new ground rules may be cstablished associated with the steeper flight
path angles during anproach and takeoff which are used to shorten the
field lenath even further, bevond what can be achieved with a mere speed
deureacs

At the present time an attempt is made to develop a basis on which
such new ground rules can be established. Powever, uniike conventichal
afircraft, flicht exnerience with STOL aircraf't with propulsion concepts
other than with propellers 15 inadequate. Yet a nunber of different
propulsion concepts ave possible, many with their own characteristics,
Thevefore, in the present report it is attempted to gencrate sround
rutes on a basis of deductions wherever flight information or simulator
information is not available. These deductions are made on the basis
of the Impact that engine failure and sust may have on aircraft response,
and on the basis of mancuver veduirvements.

fhe sround rules or criteria are generated here using a typical
medim size transport having externally blown flaps rs the Lift/nropulsion
concept.  These criteria are suguested for use in a  future supplement




to the military specification, MIL-C-5011A (Reference 1).

Similar deduction may also be used for other 1lift/propulsion con-
cepts. A comparison of the impact of STOL safety criteria for the
various different concepts can then be made provided that consistent gust
models, engine failure thrust decay rates, and maneuver requirements
are used. This could enhance the selection of a particular lift/propul-
sion concept for STOL operation from airports with particular field
lengths.

Because it has been found that the determmination of the takeoff and
landing speed and therefore the STOL field performance is surprisingly
complex, the present report also presents a methods development showing
how such STOL safety criteria are applied. Additionally a number of
nomograms are presented for speeding up the determination of the field
performance. The nomograms are derived for four-engine aircraft using
the externally blown flap lift/propulsion concept, but can easily be modi-
fied to other concents and a different number of engines.
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Sectionv Il

TAKEOFF AND LANDING RULES

2.1 IDENTIFICATION OF CRITICAL STOL SAFETY ASPECTS

2.1.1 ENGINE FAILURE
(1) Bank Angle Control

One of the most stringent roll control requirements for a SIUL wirvsalt
equipped with externally blown flaps pertains to the control of the hunk
angle in the case of an engine failure during a landing approach. = in this
section it is attempted to identify a minimumm speed at which adequate roll
control is available so that this speed can be used on which to hase o
minimm safe margin for the aircraft speed.

Computed time histories o aircraft bank .mgle transients following
engine failure and subsequent pilot corrective action are presented in
Figure 1 for an approach flap setting of 50°. Herein, it is assumed tiat no
automatic rolling moment compensation exists., A realistic engine thrust
decay is used, and the pilot initiates corrective action approximtecly une
second after the engine failure. A control system lag of 0.1 second is -
assumed, and full roll control is reached 0.4 second after the pilot initiates
the control; Two different approach speeds are chosen, i.e., 70 ani 3% Lnots
equivalent airspeed, so that the effect of speed can be shown in the speed
regime of intereet. Both these speeds are higher than the enginc-out gtal)
specd :

A\ criterion for the severity of the effect of engine failure in the
roll mode is the maximm bank angle reached. fHowever, it is seen from
the above [igure that speed has very little <ffect on the maximm hank
ngle, both bank angles being approximately six desrees. This may he
due to the fact that increasc of speed not only results in an increascd
rolling moment due to entine failure but also results in an increase of
thc roll control moment.

Similarly, also only a small bank angle differcnce was found frow
time histories where an infinite rate of thrust decay was uscd approsi-
mtmn an engine disintegration or nacelle detackment, oxcept that the
maximum bank angle cxcursions werc approximately twice as large.

Thus it may be expected that no speed safety marain on the busis ot
bank angle excursions after engine malfimction can be established tor ;
present day transports cmploying the externally blown flaps 1ift/ ‘
propulsion concept. lowever care must be taken that the aircraft speed

%
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is greater than the stall s

R : peed or minimun controllable speed with the
critical engine failed.

. In the subsequent portion of this section, additional details are
given with regard to data used in the above time histories, such as
engine thrust decay, time of pilot's control initiation, and rolling
moments involved. The rate of thrust decay used in the above transients
pertains to an instantaneous fuel loss and is shown in Figure 2, top.
The decay depends on the engine bypass ratio and the engine polar moment
of inertia, and is estimated here for a bypass ratio 6 and an engine

diameter of 6 feet. These values are typical for the STOL transport
considered in this study.

The rolling moment increases as a function of this dJecay, and it
is also a function of the aircraft speed, see Fipure 2, bottom. The speed
enters because the 1ift augmentation due to external blowing is a
function of speed. The rolling moment is presented by the symbol 22 in
this figure, <nd is divided by the mament of inertia, I. This gives an
impression of the rather substantial rolling accelerations involved in
the system if the damping were ignored:

If = &2
G = &  lbs ft or rad
I ' 1bs ft sec? sec?

Values of X /I shown represent a failure of an outboard engine for
an airplane weighing 167,000 pounds, having an inertia of 1.36 x 106 pounds
ft secZ, a span of 142 feet and having the outboard engine located at
40 percent wing span.

With regard to the time at which the pilot initiates corrective bank
angle control, it is assumed that no automatic rolling moment compensa-
tion exists in the aircraft that may alleviate his response. Various
cues are available to the pilot on the basis of which he may react.
These may be roll acceleration cues, yaw acceleration cues, or visual
bank angle cues. In the present analysis it is assumed that the pilot
will use the visual cue, beipg close to the runway during STOL operation.
Further, it is assumed that the pilot reacts at a time when the bank
angle has reached three degrees. This angle is chosen arbitrarily,
except that a low angle of one degree is not expected to induce him to
act, and a larger angle such as five degrees probably gives reason for
considerable concern while operating near the ground. The 3-degree
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criterion, used here consistently, is adequate for the purpose of possibly
identifying the effect of the aircraft speed on the maximum bank angle
excursion,

The time at which a bank angle of 3 degrees is reached is 1.03
seconds when the speed is 70 knots, and .93 second when the speed is 85
knots equivalent airspeed. At these times, which are found from Figure
1, it is assumed that the pilot starts to use the maximum roll control
available. Consistent with NASA TND 5594 (Reference 2), a control system
lag of 0.1 second is applied, and the maximum control is reached 0.4
second after the start of the pilot's input. The resulting rolling
moment due to pilot action is shown in Figure 3.

The maximum levels of roll control are B = & /1 = 1.02 rad/sec? for
70 knots, and § ~ 1.37 rad/sec? for 85 knots. Both values are greater
than the minimm absolute values to satisfy the roll acceieration
criteria of “MIL-F-83300 (Reference 3) in normal operations (not shown here).

The total rolling moment for g function is now found by the super-
position of the rolling moment due to the engine failure, and the rolling
moment due to the control input. This forcing function, divided again
by I, is presented in Figure 4, top. Also, the remaining values of X/1
with full control input satisfy level 3 roll acceleration criteria of
MIL-F-83300.

To complete the comparison between the two speeds the damping also
needs to be considered. The greater the forward speed not only the values
of the forcing function are greater, but also of the dumping:

Vo | 70} 8

R

s f1.654 0.80 /. 1
(5ec7)

g
.

Dividing the forcing functions by the respective dampings results in the
curves shown in Figure 4, bottom. It is seen that these twe functions
are very similar in magnitude and shape, which leads to the expectarion
that the maximum bank angles are of similar magnitudes for the two speeds.
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(b} Flight Path Correction

This subsection pertains to the requirement that the pilot be able
to control and maintain the flight path during final approach almost
immediately after an engine failure. ‘

B The need for such a control action may be illustrated by presenting
the undershoot distance below the touch down point and by the increased
sink rate in the event that the pilot does not react and in the event
that the engine fails when the aircraft is at a critical height above
the threshold. Figure 5 shows the definition of the undershoot distance
schematically,

R /o Te SLSR LY TR X

Assuming a height above the threshold of 50 feet, Figure 6 shows
that the magnitude of this undershoot distance ranges from 125 feet to
210 feet depending on aircraft speed, power settings, and flap settings
existing just before the failure. The speeds, flaps, and power settings
are chosen arbitrarily except that the values chosen bracket the area of
interest, The thrust levels chosen may not necessarily be those
associated with a 10 ft/second descent rate but they are expected to
: encanipass those needed for the descent. The figure also shows that the
: increase in sink velocities ranges from 5.5 to 8.5 ft/second for these
conditions. The lift loss from the engine as a function of time is
approximated here by a ramp shape with a ramp time of two seconds, which
; is roughly equivalent to the thrust decay curve shown in Figure 2 as far
: as such downstream effects such as undershoot distances are concerned.

R

Pk

LN g o

RO R STIeLAY

g It is seen that the magnitude of undershoot and especially the in-

: crease of sink rate require positive pilot action or automatic compensa-
tion, However, it is difficult to assess how the pilot will react to
the engine failure without test data based on flight or simulations.

} _ ' liowever, such an assessment is nevertheless attempted here, primarily
to show what the requirements possibly could be, and also to describe a
frame of sircraft characteristics within which the pilot operates.

Computed results of time historiss with pilot reaction are shown in
Figure 7 for speeds of 70 knots and 85 knots. The worst case in temms of
thrust setting and fldp angle is used, i.e., 100 percent thrust and 75
degrees flap angle. in each case the full 1ift loss due to engine failure
is assumed vo have developed in.two seconds, and a pilot delay of 1.2
seconds has been used after the start of the engine failure, This time
is an average at which a bank angle of three degrees is encountered,
similar to the analysis of the Bank angle control aftar emgine failure.

10
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Various ways to control the airplane in 1ift may be available to the
pilot. He can increase the pitch angle of the aircraft, or he may increase
thrust, or lift from DLC if that i available, or « combination thereof.
It is assumed here, thar he will use an angle of attack increase and
either DLC or thrust. Tthe reason for this is the fact that the lift
loss due to engine failure is large, and thus the 1ift increase desired
by the pilot not only must overcome the loss due to the failure, but
should also provide an excess nommal acceleration to reduce the buildup
of the sink rate. For example the lift change due to engine failure
used in the present analysis for 85 knots can be -18 percent, and if a
normal acceleration of a&an = 0.10 were required a total lift increase of
28 percent would be needed. This amount of lift increase is difficult
to obtain quickly with an angle of attack change only. This is especially
true for STOL aircraft with high wing loadings such as is considered in
the present study where the wing area and the landing dynamic pressure
are small, and large lift changes require excessive angle of attack
changes. Thus adding either lift due to DLC or thrust increase (or both)
is expected to be necessary for a successful recovery from ¢.agine failure.

Whichever method is used, the maximum positive normal acceleration
is taken here to be two seconds after the pilot's initiation of the 1lift
control, assuming that it will require this much time for high bypass
ratio engines to reach maximum thrust. This will place the maximum posi-
tive normal acgeleration at 3.2 seconds past the threshold, see above
Figqure 7.

It is further assumed that the rate of sink above the threshold was
10 ft/second, and that the rate of sink shall not be larger at the instant
of touch down. ‘loreover this shall be achieved with a gradual decrease
of normal acceleration to o= 1.0 at tecuch down as indicated in Fimqure 7.
This decrease to n= 1 is imposed so that a remaining nommal acceleration
capability is reserved for the pilot to maintain some control over the
sink rate and to counteract the wround effect.

These assumptions now reduce the detemination of the required con-
trol capability to an assessment of how much positive nomal acceleration
is required at the reak value two seconds atfter pilot control initiation,
This peak value is detemined without ground effect, being still approxiec
mately 15 to 20 feet ashove the ground. Some grownd cffect already exists
at that height but it becomes much more sisnificant at a closer wround
nroximity, i.e., downstreawn of this peak. [In this way it is hoped te
separate effects of engine failure trom effects of ground proximity, at
least tor the nresent theoretical computations,
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Results of time histories in the:above Figure 7 show that the nommal
accelerations required with these assumptions are in the order of
an = 0,04 to 0.05, Also, it is seen that the maximum increase in sink
rate is approximately 3 ft/second. The time history shows a vertical
displacement of the flight path of approximately 7 feet. The associated ,
undershoot distance can be shown to be 93 feet for V = 70 knots, and ?
98 feet for 85 knots., These results are also presented in Figure 8, top.

e I R L

PREPTS

These undershoot distances are still considerable. For this reason,
similar computations have been made to determine the maximum normal
acceleration required to touch down at the same point on the runwa) as
the targeted impact before engine failure and no flare, Again, the peak
acceleration is assumed to occur two seconds after pilot control initia-
tion, and again the pullup is phased out thereafter to an = 0 at a
time  five seconds after the engine failure. Results in Figure 8, bottom,
show that the required peak acceleration is an = 0.12 to 0.13. It is
surmised that this acceleration capability should be provided for better
control of the touch down point, rather than the lesser amount needed
for control of just the sink rate.

Furthermore, the pilot may not pullup exactly at the time indicated
in the above time history. In case pullup is delayed somewhat, it is
suggested to provide the normel acceleration not only out of around
effect but also in ground effect, and to round it off at a nominal value
of an=0.15. It must be emphasized thouch, that a successful touch
down after ensine failure in the longitudinal sense requires a fast
acting lift control, and the required value of an most likelv depends on
1t.

(¢) Yaw Anole Control

In the present document the required speed marsin for satistactory
directional control during flight after engine failure 1s not estab-
lished, because such a speed margin enters only into the sizing of the
vertical tail and the rudder, and is not a primary input in the detemmina-
tion of safety margins for use in seneral STOL performance criteria;
performance criteria detenmine the size of the tail for the design
condition, not vice versa in general.
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2.1.2 MANEUVER CAPABILITY WITH ONE ENGINE FAILED
(a) Tuming Maneuver During Approcach

After engine failure the airplane must have a maneuver capability
suitable for turns and sidesteps. For example it may be needed to follow
a prescribed landing pattern of a STOL port. The aircraft may be in a
turning maneuver according to this landing pattern when an engine failure
occurs. Surrounding structures or adjacent landing patterns for cther
aircraft may comit the aircraft to continue this landing pattern with
the engine failed at least partially until the pilot can safely abort
the landing, or continues the pattern until the landing is completed.
Examples of such landing patterns are presented in Figures 9 and 10, which
are taken from References (4), (5), (6), and (7).

It is seen that a turning radius of 1500 feet is considered feasible
for STOL patterns, at least on the basis of some of these references.
The normal acceleration needed for this turning radius is approximately
n = 1.03 for 70 knots true airspeed and n = 1.09 for 85 knots as shown
in Figure 11,

These normal acceleration capabilities must be provided, as well
as an additional margin for flight path corrections, control of gust
response, and prevention of stall under these circumstances, assuning
that all engine failure transients have disappeared.

However, if the airplane is subjected to a severe gust while in the
turning maneuver it is likely that the pilot is distracted from the tum-
ing maneuver and will put most of his attention to the control of the
gust response, (if he is distracted during a nominal period of time of
3 to 4 seconas, he will not follow the curved flight path over a distance
of about 500 feet. In order to catch up with the intended curved flight
pattern, he must then be ghle to perform a curved path with a radius of
1000 feat, see Fisure 12. The nommal auceleration required for this
radius is shown in Figure 13, [If a radiug of 1000 feet is to be {iown at
an approach speed of approximately 95 knois, a normal acceleratien of
anow 0,30 is required, if 2 speed of 80 knots is {lown, an needs te
be only 0,15,
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(b) Sidestep Maneuver During Approach

Sidestep maneuvers are primarily a criterion for the required roll
control power rather than for the normal acceleration capability. A com-
puted time history of the bank angle variation that yields a lateral
displacement of the airplane of 200 feet is shown in Figure 14. Herein
the roll acceleration capability specified in MIL-F-83300 for Class II
aircraft is used pertaining to the engine failure case (Level 3). The
total time to complete this maneuver is about 10 seconds, during which
time the altitude is reduced by 100 feet using a sink rate of 10 ft/second.

o
2
i4
@
R
!
3

If it is desired to compensate for the loss in normal acceleration at
each point of this time histoiy, a normmal acceleration capability of only
n = 1.04 needs to be provided regardless of speed. It is not a function !
of speed because the roll acceleration requirement is independent of
speed.

(c) Landing Touch Down

The normal acceleration required just prior to touch down is assessed
here, assuming that the initial approach sink rate is equal to the design
value, and that the pullup just prior to the touch down is delayed as long as
possible within certain constraints. It is further assumed that one engine
has failed and that the failure transients have disappeared.

Constraints should be based on flight or simulator test data; however,
in the absence of adequate test data the following is suggested:

The pilot anticipates a lift loss due to full roll control over
a time period of two seconds just prior to touch down. Decause
of this and because of the possibility of engine failure, the
pilot will routinely decrease the rate of sink just prior to
touch down, using a minimum time of two secunds to accomplish
this.

Lift characteristics for full roll control with une engine failed in ground
effect depends on the roll control system used. Assuming an average 5 percent
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lift loss during a time period of at = 2 seconds results in a sink speed
increase of

AVz = (an g) at = (0.05)(32.2)2 = 3,22 ft/second.

In Figure 14 it is seen that the bank angle may change only 9 degrees
during this time, and only about half as much is expected when the bank
angle is to be increased as wall as stopped in this time. If the pilot
descends with a design rate of 10 ft/second without intention to pullup,
such a sudden roll control maneuver will increase the sink rate to a value
in 2xcess of 13 ft/second. This increase in sink rate is excessive in
comparison to a design sink rate of 10 ft/second. In order to avoid this
increase in sink rate, the pilot probably desires to pullup before touch
down so that the rate of sink at touch down is in average 6 to 7 ft/
second, thus leaving a 3 ft/second margin for the maximm roll control
input.

A similar philosophy is applied to the buildup of rate of sink incase an
engine fails just prior to touch down. This yields a similar constraint
as above. Figure 7 shows that the sink rate increases also approximately
" 3 ft/second before adequate pilot action can be applied. The pilot is
expected to attempt this pullup routinelv or automatically, thus also 1n
the present case where one engine has already failed,

~The last two second's, before the touch down is thus considered the:
" latest opportunity for the pilot to reduce the sink rate. In order to
reduce the sink rate from 10 ft/second to 7 ft/second within the two
seconds, a nommal acceleration capability is requlred in ground’ effect
amountmg to.

An = Az /g = A\/z /At/g ‘2/32.,2 - 0.0465 = .08 -

This écc;eleration requirement is independent of forward speed. How-
ever, the increased distance traveled-before touch down does depend-on

.. speed, see Figure 15. It is seen, that during the 0.35 second involved

_in the touch down delay, s distance is travelléd of 41 feet for V = 70
kiots, and 50 feet for 85 knots. Effectively this means. that the height
~ above the threshold with flare must be 45 to 46 feet to yield the same
.- alr distance as a heigh: of S0 feet without flare, alsoc shown in Figure
T 15.

- It should be mentioned that it is assumed that this maneuver capa-
‘bility can be generated «uickly. ‘t‘he necessary 1ift increase mu=t not -
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only generate the nomal acceleration for pullup, but must also overcome
the negative ground eftect that builds up very fast at low heights above
the ground. An example of test data showing how the landing dispersion
is affected by the rapidness with which the 1ift can be changed is pre-
sented in Figure 16. This figure is taken from Reference (8). In this
figure 1ift control is derived from pitch attitude control, but it should
be realized that direct 1ift control (DLC) through spoiler retraction can
provide a quicker 1ift increase,

Additional test data, especially with DLC, should be obtained to
corroborate the above acceleration requirements and to define the best
type of control. In particular, the nomal acceleration requirements to
control a descent immediately after a rebounce should be established
from flight tests with ground effects and with a suitable 1ift control
system.

Another consideration in the control of the aircraft in touch down
is the sensitivity of the 1ift control with airspeed. Assuming that the
aircraft approaches with a forward speed that is 10 percent lower than
the normmal touch down speed due to pilot error, for example, from a mis-
interpretation of the aircraft weight, it should be at least possible to
continue the fligh: path into the ground offect without increase of the
sink rate, i.e., with aAn = 0. This is the minimun touch down speed,
thd Essentially, this means that the nomal approach speced should be

Vi 2 110 Vmtd  (1GE CEF An=cos ¥-1 =~ o)

(d)  Waveoff Capability

Ancatrcraft has adequate waveof! capability when it satisfies various
writeria.  These are:

o Adequate climb capability must exist after waveoff is completed
2. Mdequate maneuver capabiiity must be available to clear the runway
3. Adequate mancuver capahility must exist to clear an obsitacle at

the far end of the runwav, and to obtain a flight path anvle
equal to the climb path,

J, B aate e h . s e N - Ty
¢ e A B e R e o et A W A T AR S AL N T A a4 b TT8 car e ey s ToE s ren i T
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Figure 16, Touchdown Dispersion
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The climb capability after waveoff is either provided by a thrust

increase, or by a drag decrease such as a ‘reduction in flap angle, or
both.

The maneuver capability needed to prevent physical ground contact(item 2)
can be found from

an = ¥ Vg /CahYy)

where V; is the initial sink rate, and Ah is the height of the aircraft
above the ground where the full normal acceleration is first achieved.
Assuming a sink rate of Vz = 10 ft/second, and assuming that it requires

0.5 second to generate this normal acceleration fully, the decision
height becomes then

H= 4h+ 5 Ft,

With these assumptions, the normal acceleration required is shown
in Figure 17 as a function of the height, H. It is seen that for a

nciinal height of H = 35 feet, the required acceleration is, regardless
of ti‘ght speed:

A = (.05

Because a mortion of the flight path is in ground effect, and the
remainder is out «¢ around effect, this capability should exist with and
without ground prox.mity.

If the maneuver capairility equation above is extended to clear an obstacle
at the other end of the ruivay and to provide a positive flight path angle or
climb path angle at that obstas’e, it can be shown that

an = (fo- 6 V/ (g0

where § ¢ is the climb path angle in radians at the far end of the runway,
§ 5 is the flisht path during approach whe: the aivcraft is above the
throshold { § 4 is negative) and 4 is the rusway lengrh, see Figure 18.

The top portion of this figure shows the required capability when
Yes -u75 &hi. This is typical for the aircraft prozently under study,

where 5‘133 -4° and E”C = +3%, No obstacle exists ar the end of the
rinwiay in this case. [f an obstacle doos exist at the end of the runway,
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and if it is equally as high as an obstacle at the beginning of the run-
way, then the approach angle and the ¢limb angle are equal in absolute
magnitudes in this simplified equation. Also, it is assumed that the speed
is approximately constant. Results for this case are shown in Figure 18,
bottom. It is seen that for field lengths of 1500 to 2000 feet a normal
acceleraticn of An = 0.05 to 0.06 is adequate.

If the approach speed is lower than the speed needed to obtain the
desired climb angle in the waveoff, the aircraft shc:ld have the capa-
bility to increase the speed during the pullup maneuver. For the moderate
pullups involved this is possible by thrust increase or rapid but limited
flap angle decrease.

2.1.3 QUST
(a) Upward Gust

In this subsection the angle of attack response of the airplane is
given following various different qust frequencies and velocities of a
discrete qust. The angle of attack excursions of these gusts is used tc
establish the angle of attack margin the airplane should have in order
to prevent airplane stall. The excursions arc computed f{rom

d(Vg/v)
&z o =~ (9)C a8, At
" n \’ Lk rmy ’+('c‘\ )35

Y

the derivation of which is found in the Appendix and is valid for ¢ = 1.0,
This damping is a reasonable average for SIOL aircraft, Alse a typical value
is used for the undamped natural frequency (uw,g » 1 rad/second). Gust
frequencies used were equal to 1/2, 1.0, ad 2.0 times the undwmped natursl
frequency of the airplane, as shown in Figure 19, The maximum gust lovels
are obtained from ML-F-8785B(ASG), "Military Specification, Flying
Qualities of Piloted Airplanes," dated 1 August 1965 (Heference 9).

Gust response characteristics without nilat contro. input {or these
conditions are presented in Fimure 20, The shortesi pust shown is pro-
bably not significant from 3 standpoint of wine stall, because the {low
probably attaches asain so rapidly after a possible stall that no signifi-
cant aireraft response is coused in angle of attack.  he gust with the
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longest duration probably induces the pilot to smoothen the motion so
that the time history shown for this case without the pilot control is
aiso only of limited interest. However, the medium gust shown is con-
sidered to be too short for the pilot to react upon, and possibly long
enough to produce a condition dangerously close to stall or tc produce
a significant rerponse after stall,

It is seen that angle of attack increases occur in the order of 8.2
degrees for 70 knots, and 7.0 degrees for 85 knots for the medium gust
frequency. To prevent aircraft stall, an angle of attack margin of this
magnitude should be provided. Figure 21 shows that the required magni-
tude can be approximated by the equation

A’(.-,LL | JO KTS / Vikras

It is assumed that the vertical gust of the above magnitude exists
without ground effect, applicable in the appreach condition for landing
and during the climbout away from the ground.

The gust response results described above can also be used to assess
the magnitude of the vertical displacement of the aircraft following
the gust, which is of particular inter~st during landing approach. Verti-
cal displacements without nilot contrcl are camputed on the basis of

e

mz = axC_ 4S

or

[N}

.-g- “.‘.’.\CXCL,/CL

vhere 4 is taken from the sust response in Figure 26.

Estimated vesults are shown in Figure 22 for various gust froquencies,
using CL, /€, = 0.03 per degree as a typical value.

It is seen that vertical displacement of rather large magnitudes
can occur if no corrective actisn is taken. Assumine that the piiot
will have recovered control in approximstely 3 to 4 seconds, vertical
disnlacement of § to 14 feet can be expected. Using a rominal 10 feet
displacement, an averase and a high {light path over the thresheld may
be defined as illustrated in Figure 23.

35



—ered

1 DYNAMIC RESPONSE™

3
i

0 COMPUTED FROM

A SR Ot e s S L e e

3+
”
3
R | &
. jgv
\ L
g
fa N
D
~
(o]
]
=
-
. oo
~
£ < @
um m -
%
7 > S @
” i 8
A Fs
y w A.n
Qo Y
vy [o]
1
. | o ¢}
M —
: = mo
m &2
~
& < N
,W °
-
3
&o
pper

n
-—

930 - Py - 150D Q¥VYM4N Ol 3nd
AIVLILVY =0 JT9NY

Y N R S A NS Rt A O SR Byl R S e P S R

N




- T T A PR, UL R P e e RPN

e

) P : : HIE 4
- - - - - - - Nl ieq m camnw ¥
. Ed _ : i } %
: ; : : : : &
e RS e S £ s b ; &
: w £i : - . %
Mgy -- - . C » . P T S %
: LD g
DTN A o e
: L . .
N, W, ,

ey

i . :
e e g e .
s - - 1
— : . T L
$ 3 N S i 2.
1 . Tl
N T !
N . - . .
| SRS s
- T «...wn\ : 13 v v
M N . - H
_ H i i
. - Tleed S
: e [

37

warfiiodamden

OUT OF GROUND EFFECT
TIME - t - SEC

NO PILOT INPUT

i
sh .
ARIOUS
. GUST
£3.

B

B
H
-...».M*

...i‘."..
sl
21
1

. FREQUENC!

+
S

Figure 22, Vertical Displacement Due to Upward Gust

Li - ZV - IN3W3JIVIdS'a YT LE3A

NI

3

SRR

2 o mea

FEES RN

R




ISR

IR

INITIAL APPROACH SINK RATE 10 FT/SEC

Oue— 50 FT REFERENCE

%" .
T // HIGH APPROACH
10 FT /% /// - AVERAGE

THRESHOLO PO INT ’
t
TOUCHDOWN
ZONE

177 FT FOR V a 70 KTAS
215 FT FOR V = 85 KTAS

Figure 23. Height of Approach Flight Path
38

5 A B Ry M YL

2.8




FESEINAMMER DRI AN & AT T A e FoRAX; " S £ A S

Upward gusts in ground effect are also of particular importance
during the initial takeoff maneuvers. Shortest takeoffs over obstacles
are obtained by rotating the aircraft to the highest safe angle of attack
inmediately after liftoff. The highest angle should have a safety margin
with respect to wing stall, and should not cause the aircraft to de-
crease speed. Only after this highest angle is reached will the angle of
attack be bled off to maintain approximately constant speed while
increasing the flight path angle until a steady state value is reached.
To avoid stall during the initial maximum rotation, an assessment of the
upward gust near the qround is needed, as one criterion to determine the
magnitude of the margin.

This poses a dilemma because probably no data are published about
upward gust in ground effect. In order to obtain a general idea of what
the ground effect might be on the magnitude of gust, a simplified theoreti-
cal model of a discrete gust is developed here for use in ground effect.

Tt is assumed that the vertical gust can be represented by two
parallel vortices of infinite length, each moving upward with a speed of
1/2 Vomax» see Figure 24. Of interest is the speed that is induced at a
point A in this figure located in a plane in the middle between the two
vortices. At the time the vortices are at the same vertical location as
point A, the velocity induced is by definition Vgy,,. At vertical loca-
tions above or below point A the vertical velocities induced at that
point are less and will depend on the time that is consumed for the
vortices to travel upward. It can be shown that the variation of V, with
time can be expressed hy )

Ny |

'\/gﬂwt ) |+ (ngu'f-)""

Defining T as the lengths of the gust in time (see Figure 24), and using

-

y o Va ~ax . 4
the relation follows closely the preatest part of the discrete gust model
{rom '111,-F-8785 (Reference 9). The agreement hetween the two gust models
is illustrated also in Fiqure 24,

Using T = 27 , which belonps to a aust frequency of o= 1 rad/second

and Vﬁmnx = 34 fect/second the distance between the two vortices hecanes
= 53,2 feet,
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Given the magnitude of this distance, and the height h of the vortices
above the ground, image vortices can be placed underneath the ground and
the reduction of the maximum gust velocity can be computed. The equation
becomes:

V_q mAx TIGE
U
V% max OGE

1
&y

The variation of this maximum gust velocity ratio with h/f is pre-
sented in Figure 25. Assuming that the pilot rotates the aircraft to a
maximum tolerable angle of attack at 8 wing altitude of 30 feet or less, a
gust margin should then be in existence consistent with

h/d = 30/53.2 = .56

This yields

VS mAax IGE =~

.BO
V% max OGE

so that the argle of attack margin at that condition should be

tan (&CX) = GKTS /VKTA%

This amounts to a margin of 4.85 degrees at 70 knots and 3.95 degrees at
85 knots, see Figure 21.

It may be of interest to compare this margin with the 10 percent mar-
gin in lift, or An= 0.1, often used in conventional aircraft. Using
an aspect ratio of A =4, and a Cl«nax of 2.0, the 10 percent margin yields

o AC\. . __,CL,MRN /0 - 2 ‘35"
S Sl TR 1w ey owsh Ml

It is scen that the margin is not incompatible with the margin derived
here based on ground effect, noting that for ST aircraft Cbmgxx is high-
er, thus also is &A™, It is suggested to use the gust margin derived
here for A rather than using AN because it relates more to the physi-
cal model involved and ¢an take into account a rounded lift curve. How-
ever, it should be emphasized that additional work is required to define
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the gust in ground effect more closely. The present derivation should be
considered as an investigation that was needed to point out where addi-
tional research should be made.

Based on Figure 25 the ground effect has essentially disappeared at
an altitude of h = 2§ = 100 feet above the runway. It is suggested to
use full velocities above this altitude.

(b) Down Draft

Figure 23 of the previous section yields an estimated downward dis-

placement of 10 feet, similar to the upward displacement from the upward
gust.

Figures 26 and 27 illustrate the effect of a down draft for respec-
tively a landing and takeoff flight trajectory for an airport with
obstacles. The down draft will displace the aircraft vertically requiring
an allowance of an undershoot distance with an additional margin and
similarly an overshoot distance with a margin for the total takeoff
distance over the obstacle. These figures relate the margins with respect
to the obstacles.

lowever, it is not known how successful the pilot will be to counter-
act this gqust. It is sugpested to detemine this from simulator data or
flight tests.

Because the down draft appears to have rather significant effects
on the runway marains, it is suggosted that down draft magnitudes be
defined in the vicinity of airport obstacles at heights from a multiple
of the obstacle height to near the ground.
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(¢) Headwind Fluctuations

An airplane that encounters a gust head-on will sense an increase in
aerodynamic pressure and accordingly will generate an increase of lift and
drag.

The aircraft drag will decrease the speed somewnat, however, the safety
margin in speed will usually not be reduced significantly. The aircraft
1ift will displace the aircraft vertically similar to an updraft or upward
aqust. This has the effect of introducing an overshoot distance during land-
ing approach as illustrated in Figure 28. This overshoot distance will have
to enter as a margin for the ground roll distance while determining the run-
way length. Some of this margin is accounted in Figure 23 by using a 50-
foot heigh ..oove the threshold instead of an average height of 35 feet.

The magnitude of the lift change can be somewhat larger than that re-
sulting from an upward gust, if no pilot reaction is considered for both
types of gusts. Figure 29 shows the detemination of the effect of the
headwind gust on the aircraft lift increment. This increment is 29 percent
as compared to 23 percent increase due to an angle of attack change of
eight degrees from the vertical gust.

It is presently not known how to present the pilot reaction to the
gust in a form suitable for computation of overshoot distances. For this
reason it is again ‘suggested to determine this distance from simulator
studies and to correlate these with flight data for corroboration. tHow-
ever, for the present time, it is assumed that the maximum upward displace-
ment will be approximately equal to that of an updraft, i.e., 10 feet, see
Figure 23. Prerequisite is, again, that immediate control manipulation
is perfomed, and that the lift change can be carried out quickly.

{d} Tail Wind Fluctuations

When the airplane encounters a sudden tail wind, and when the airplane
motion has not yet rescted to this wind, then only the effective dvnamic
pressures changes and no angle of attack change has as yver developed.
However, n 11t loss has develoned from the dvwmamic pressure loss which,
in the event of a eust of the magnitude specificd in “1IL-F-8785 is large
at STOL speeds,  This 1ift loss is sketched in Figure 30, point B, ‘The
alrplane will start to sink with respect to its original {1ight path and
the pilot will attompt to arrest this sink by increasing angle of attack.

[t is not known how much angle of artach increase the pilat desires
for flight path correction; however, it is knowr how much angle of attack
increase is needed to at least maintain the aircraft lift on a steady
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state basis. This is also illustrated in-Figure 30, point C. To allow
just that much capability coincides with allowing the aircraft to reach
CLmaé at the peak of the gust. This, in turn, detemines the stall

speed of the aircraft as 1llustrated, again, in this figure.

From this, a relation between V/Vg and the peak gust velocity Vgp.,
can be derived as follows. :

At point €, the velocity is V = 5, and at no1nt A it is:

Vo= Vg ¢ Yamax

v W .
Vs V- Vamax |~ \63:*_'*.5
g v

Using Vg, = 34 ft/second or 20 knots associated with a frequency of
one rad/second, the required speed ratios are shown in Figure 31. They
range from 1.4 Vg at 70 knots to 1.3 Vg at 85 knots.

It should be noted that frequently a circular landing approach
pattern is flown. Fven though the landing is made nredominantly with head
wind, at a portion of the circular pattern the gust velocity may appear
as a tail wind fluctuation. This circular pattern is followed at an
appreciable ground distance, so that the curve in the above Figure 31 does
not apnly in ground effect.

It also should be noted that the stall speed Vg pertains to the maxi-
mum lift and it is assumed that the pilot can generate this lift quickly,
including pitch angle, thrust increase, and possibly DLC. Flight
experience is needed to detemmine whether the thrust increase can actually
be used for the control of the response from this gust.

s 3 SRS bR i Rh s B A
SRR I N mailen wdats vaain e dini i s ERIRSREN «




aft in Approach Pattern

2 %
Lt < ;
= = wy foe b
o x <1 8] 4
s - — =
A =
o ~ = <
o] E
"4 + 4 ¥ o= 2=
- v o - 4
[ T = 1w k3
] us
&3 : £ 3
] i ” > R -3 —
] Q o S v
B a =z ta
: 2= = )
o oy U 5
& 2 =
<2 3
W b~ ) 5o
S Lo
p-'4 1)
5o =
o a o b
2 -
]
: j= 9
= P
P4 .
R . M
i . . . S .
& _ A/A - Olivd Q33dS a3Y1n0IH ot
—
2% ™~
.w\ [}
-)A, m
o ¥
&5




el

A AR T R R R T,

R

SRR YT KR

(e) Side Gust

The effects of side gusts on sideslip excursions were analyzed on
the basis of one dimensional equations of motion. Results are intended
for first order assessments only.

A maximm gust velocity was used equal to 34 ft/second, a gust dura-
tion of 6.28 seconds, and an aircraft speed of 70 knots. Frequencies and
dampings used are those along the border of level 1 flying qualities
indicated by point no. 1 through 9 in Figure 32. The frequencies and
dampings are also listed in the following table:

Point No. Wnd g
1. 2.00 1.06
2 1.00 1.00
3 .50 1.00
4 .25 1.00
5 .25 .50
6 .25 .08
7 .50 .08
8 1.09 .08
9 2.00 .08

Time histories of the gust response in terms of sideslip angle are
presented in Figures 33 and 34. It is scen that the maxinmum sideslip
angle is in the order of 23.5 degrees or much less. the angle of 23.5
degrees is the required steady state sideslip cipability associated wita
a steady sidewind of 30 knots at a flight speed of 70 knots. Thus, it
appears that the side pust is gencrally not more critical than the
requited steady state sideslip, and at the present time, no speed margin
requirements are derived from the side gust. lHowever, it should pe noted
that steady state sideslips of this magnitude are difficult or impossible
to obtain and this steady state requirement may have to be reviewed along
with the side gust requirements.
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2.2 _RECOMMENDED GROUND RULES

2.2.1 TAKECFF

In this section takeoff ground rules are proposed based on the previous
sections as well as on some additional considerations described here.
They are proposed for use as a supplement to MIL-C-5011A and MIL-M-7700A
to cover STOL aircraft.

Although most margins described previously pertain to approach and
landing, some pertain to takeoff. These are related to vertical gust and
will be used here. In addition, a margin is added here against pilot
error in the sneed to weight relationship. To cover this error a 5
percent speed margin with respect to stall is used so that positive
liftoff is assured at takeoff rotation.

Also, a differentiation is made between normal military or commercial
operation and assault operation. The nomal takeoffs are based on
safety with one engine failed, whereas assault takcoffs are performed
without engine faiiure consideration.

The ground rules recommended here pertain to takeoff and landing
strips with cleared perimeters such that obstacles do not impose addi-
tional restrictions, Emphasis is placed on ground rules for the flight
phase and no safety margins for the ground roll portion are given here.
Also not included are normal acceleration capabilities for evasive man-
euvers such as the avoidance of small arms fire after takeoff during
military cerations.

(a) Normal Operation

1. The takeof f shall be made using the accelerate and stop concept.
The minimun failure speed to be used for the determination of
the takeoff distance is the speed for which the accelerate and
stop distance is equal (halanced) to the runway distance needed
to continue the takeoff to the 1iftoff point after the critical
ennine fails at the most critical moment. The point of 1ift -
oft is defined as the condition where the nomal liftoff specd
is reached.
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2. The nomal liftoff speed shall not be less than 1.05 Vg where
Vg is the minimm flyable speed with the critical engine failed
in ground effect or out of ground effect, whichever is more
critical.

3. At no point along the takeoff flight path may the aircraft have
a lower speed than at any previous point along the flight path.
This pertains to takeoffs with all .ngines operating as well as
with the critical engine failed.

4. The flight path angle during climbout at a speed equal to the
minimum climbout speed, and for conditions out of ground effect
and the critical engine failed, shall not be less than a minimun
value to be specified by the procuring agencv. The minimum
climbout speed is obtained when liftoff is made at the normal
liftoff speed and the subsequent speed increase is held to a
minimum within safety constraints while all but the critical
engine perform at the maximun tolerated thrust.

5. At the rotation of the aircraft to the maximum angle of attack
after liftoff, an anglc of attack margin Ao with respect to
the stall condition in ground effect with one engine failed
- i [4 i A = .
shall exist according to & 4 6 knots/VKTAS

6. At altitudes higher than 100 feet above the sround the minimum
angle of attack margin with respect to the stall with onc engine
failed shall not be less than the value aiven by

= <
Adrad 10 knots/VKTAS.

\ssault Oneration

1. The sround von to the Hiftoft speed shall be made assuming no
eneine failure,

2. The 1iftefl speed shall not be Iess than 1.08 Vg where Vg
the minimer {lyvable speed in eround of foct with all onwxn;s
operating,

o
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3. At no point along the takeoff flight path may the aircraft have
a lower speed than at any previous point along the flight path.

4. At the rotation of the aircraft to the maximm angle of attack
after liftoff, an angle of attack margin AOC with respect to
the stall condition in ground effect with all engines operating
shall exist according to Ao‘rad =6 MOtsNKTAS.

5. At altitudes higher than 100 feet above the ground, the minimum
angle of attack margin ao with respect to the stall with all
engines operating shall not be less than the value given by

Aarad = 10 Imots/VKTAS,

(c) Comments

A few comments may be made with regard to these ground rules. In
the present study, the climb path angle of item 4 for normal operation is
taken equal to ¢ = 3°. This climb path anele is considered to clear
the terrain following the liftoff, and to clear obstacles at a greater
distance. If obstacles arc present in critical locations, down draft
effects have to be considered for altitude marains.

With resard to item 5 for normal operation (or item 4 for assault
oneration) it should be understood that the quickest gain in altitude
is obtained when the maxirme- tolerable vertical acceleration is achieved
at the earliest possible time after liftoff. This will put a maxinum
of cnergy into potential energy, and a minimum into kinetic energy as
required for maximuwn obstacle clearances., [n order to achieve this, the
atreraft is quickly rotated to the angle of atrack with the specified
margin, or to the angle at which a negative aircraft acceleration along
the flight path is just prevented (item 3), whichever is reached first,
Thereafter the ansle of attack is bled off to satisfy item 3 while the
{light path angle increases with time,
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2.2.2 APPROACH AND LANDING

Almost all safety margins derived in previous sections for engine
failure conditions and gust are applicable for the approach or landing

phase. The required margins are summarized in the following table.

Critical Case Ground | Eng. | Type Margin
Effect | Fail.{of At Speed(KEAS)
Cond.{ ‘fargin

75 |85 |95
Turning Maneuver(R=1000 ft) |OGE CEF | an= [0.09}0.185{ 0.30
Rear Gust (AV=-20 KTAS) OGE CEF |v/ves |1.40]1.30 | 1.27
Upward Gust (ranax =V/10KTAS)| OGE CEF | ax= |8.0°]5.7° | 6.0°
Sidestep Maneuver OGE CEF | AN ={0.0410.04 | 0.04
Engine Failure at 50 feet [OGE AN= 10,131 0.12
Arrest of Sink Rate for TD |IGE CEF | an= 10,05} 0.05
T.D. at Vptd IGE | CEF | &0= |0 0
Engine Failure at 50 feet IGE CEF. | &N = 10,13} 0.12
Vaveoff Altitude (35 feet) |ICE CEF | an= 10,05 0.05
Waveoff Distance (1500 feet)!IGE CEF | an= 10.051 0.06

In addition, it must be possible to accelerate the airplane during the
waveof f mancuver from the approach speed to the climbout speed.

The margins out of ground effect are of various different types
(on, 6¢ , AV). Fiwure 35 is included in this renmort showing a com-
parison of the effect of the various types of mareins on the useable lift
of the aircraft.

[t is scen that the speed marnin is most restrictive, and the angle
of attack margin of 8° is about as severe as a muneuver wargin of
A& no= .2 to 15 but both are not even half as restrictive as the speed
marain.  However, comparison of this lowest useable Lift with the lowest
useiable lift in around effect in Figure 36 shows compatible values,

Based on the above, and with counizange that different relations
exist hetween an, aox , and oV for different Jift/propulsion systens
than the externally hlown flap concept analyted in the present report,
the recorended vround rules for aporoach and landing are as follows,
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(a)

Normal Operation

1.
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Landing distances for landings without obstacles are to be deter-
mined on the basis of a flight path height of 50 feet above the
threshold. The rate of sink above the threshold will be speci-
fied by the procuring agency.

The final turning maneuver in the approach shall be made with a
minimm speed margin of 20 knots true zirspeed with respect to
the stall speed with the critical engine f:.1d and out of ground
effect.

The normal acceleration margin during approach out of ground
effect and with the critical engine inoperativ. shall not be
less than A n = .15 or the acceleration required to perfom a
turn with a radius of 1,000 feet, whichever is critical.

The angle of attack margin during approach at aititudes greater
than 100 feet above the runway and with the critical engine
failed shall be equdl to or greater than a value given by

8¢ ad = WVkys:

The normal acceleration capability in ground efrect, with the
critical engine inoperative, and at the normal touch dow: speed
with V. 2 1.1 Vpeq shall be at least an= 0.1%

The noymal acceleration capability in ground effect, with the
critical engine failed, and at a speed 10 percent less than tue
nomal touch down speed, shall be at least an = 0, Uie mini-
mm speed in the condition where an = 0 is defined as Ymyy.

It shall be possible to perform a waveoff fram an altitude of
100 feet above the runway with the critical engine failed.
During the waveoff the angle of attack margin out of ground
affact at 100 feet above the nunway shall be at least a value
given by Aerpad = 10 kts/VEpag and in maximum ground ef fect

at least a value according 0 da rad = 6 kts/Viypg: The wave-
off shall be considered completed above the end o the TUIWEY
and the aircraft speed at that point shall be at least equal to
the minimen climbout speed defined for takeoff. To achieve
this, flap angle redection is permitted.
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(b) Assault Operation

In this report, no separate ground rules for approach and landing in ;
assault operation are given.
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(¢} Comments

Camments with regard to the approach and landing ground rules are
offered here with regard to the normal operation as wel: as assault opera-
tion. Similar to the takeoff ground rules, also here no obstacle is
assumed to exist. If an obstacle does exist, it probably should be
cleared by the flight path by a nominal margin of 35 feet to account
for down drafts and engine failure.

The rate of sink assumed to exist above the threshold is taken in
this report equal to 10 feet/second. This yields a flight path angle
above the threshold of approximately § = -4°. At the position of the

R R I e S R R

%ﬁ approach prior to the threshold the Jdescent angle may be greater.
5 Also the flight velocity above the threshold mav be lower than

4
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during the last turn in the approach pattern {ivem 2), Jdepending on the :
deceleration capability of the aircraft and the length of the straight
portion of the flight path just prior to touch down.

Vith reeard to item 5, the normal acceleration assumed here for con-
trol of the sink rate during teuch down after encine failure is an =
.15, However, the adequacy of thig value depends on the amount of ground
effect and the quickness of control application in Jift (JMLC) and it may
be necessary to specity a minima response time in 1ift tosether with this
nomal acceleration, lescarch is needed to Jdefine the nomal acceleration
margin to a better Jdegree.

Assault wyound rules for approach and landine are not developed in
the prosent report becayse soame very important operational constderations
magt be taken into account that are of ailitary aature rather than the
domiin of acrodviamic flight safety, ad therefore o beyvond the scope
of the present analvsis.  For example, eneritional considerations shouid
include the conserpences to the ailitary operation around the landing
strip vhen an eneine fails on approach and the airvraft crash lands
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somewhere near the middle of the landing strip, making all further fligh*
operation impossible. This problem does not exist during thkeoff. If
an engine fails during an assault takeof? the landing strip will probably
be left ¢lear except for the very end of it, or the airplane will come to
rest on a clear way. Also, considered shou:d be assault flight training
aspects. Assault type landings without critical engine-out safety can
only be trained with a high risk to the aircraft and the crew. Assault
takeoffs, however, can be trained with & small risk at veiy low altitude
as jong as the runway used for training is large enough, or may be simu-
lated at hign altitudes.

It should be noted that removal of the engine failure safety improves
the takeoff performance considerably, however the improvement in the land-
ing performance may not be compatible. Possibly a better way to improve
the landing performance in the assault mission is to decrease the height
above the threshold rather than the removal of the engine-out safety.
Along with it could go a lesser flare, and thrust reversal on four engines
rather than two, while taking the risk of overshoot into the clearway.

In addi to make full use of a minimm landing-distance capability
with all engines operating, the fuselage upsweep needs to be increased
for ground angle clearance. This penalizes the aircraft weight and
cruise performance. )
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Section III
PERFORMANCE METHODS

In this section, the critical safety margins of the previous section
are used, and methods for the determination of the field length derived.
In addition, other criteria are also considered to facilitate direct
comparison with other aircraft studies.
3.1 STOL PERFOPMANCE
3.1.1 LIFTOFF SPEED
(a) A Nomogram for Liftoff Speed

In general, takeoff speeds can be determined rapidly from nomograms.
An example of such a nomogram is presented in Figure 37. This particular
nomogram pertains to. optimum aerodynamic data for aircraft employing
the externally blown flap lift/propulsion concept.

The nomogram makes use of the thrust to weight ratio, T/W, and the

ratio of thrust to wing area, T/S, as independent variables. . The latter
ratio is obtained from

W
* 8

Herein, both factors on the right hand side are basic design jarameters
entering into sizing exercises during preliminary design stages.

(b) Ground Rules Used

The above nomogram is based on various performance constraints and
assumptions. Constraints considered pertain to the following safety
margins:

Vig = 1.05 Vo (CEF, IGE)

V. = 1.10 V. (CEF, OGE)

at Vipt n = 1.1 (CEF, IGE)

at Veor n = 1.3 (AEO, OGE)
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Herein, Vi is the minimum flyable speed or stall speed of the air-
craft. Assumptions are that a minimum control speed existing during the
ground roll portion of the takeoff is not critical for the detemination
of the liftoff speed, and that the climbout speed is a given percentage
greater than the liftoff speed. The actual percentage value is not
determined in this report since it depends on aircraft dynamic characteris-
tics and pilot technique. Especially, the latter must still be established.
Another assumption used is that the aircraft is required to climb at

a three-degree angle at the climbout speed with the critical engine inopera-
tive.

(c) Aerodynamic Limitations

In order to illustrate how the various constraints and assumptions
enter into the construction of the namogram the derivation of it will be

- described hereafter in detail.

The basic aerodynamic data for maximum 1ift used in the nomogram are
presented in Figure 38. These are untrimmed data with all engines
operating as obtained from wind tunnel data. The maximum is defined to
exist at an angle of attack where the rolling moment is not becoming toc
large in case of an engine failure. In the present document an anglc of
18 degrees is used as the limitation. This angle is essentially the same

as the stall angle of attack in the power-off condition.

After trimming the aircraft in pitch these data yield the maximun
useable 1ift with all engines operating. This maximum 1ift is indicated
by the uppermost lines in Figures 39 and 40. The two figures show
similar data but for different blowing coefficients, Cu pr-

The above data pertain to conditions out of ground effect, Only one
type of safety margin (i.e., n = 1.3, ALO) is based on such a condition,
but all other takeoff safety margins are based on conditions with ground
effect as well as with a critical engine failed (CEF). The ground effect
is estimated in two steps, the first step heing an estimate of the change
of the stall angle of attack, and the seco | step being an estimate of
the change of 1ift at that new stall angle of attack. The maximun angle
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of attack in ground effect used in the present document is presented in
Figure 41. It reflects a significant decrease in the angle. The effect
is computed from equations existing for conventional aerodynamics because
no reliable test data are published for this decrease at this time. The
1ift change used for the second step is presented in Figure 42 and
extracted from test data published in Reference (11).

Decreasing the 1lift due to engine failure, trimming in yaw, roll,
and pitch, and applying the ground effect results in the maximum 1ift
shown in the previous Figures 39 and 40 (labeled MAX, CEF, IGE).

The various safety margins are now applied to the maximum lift data
as shown in these figures as a function of flap angle. Speed margins
are easily applied as illustrated in Figure 43.

It is seen that the lifting capability with the margins increases
with flap angle. However the drag level of the flaps also increases.
The maximum angle that can be used for takeoff is determined by climb
considerations. In the present study, a 3-degree climb path requirement
with one engine failed is used to limit the flap angle. The maximum
flap angle at which this requirement is met is also indicated in the
figures. An examplu of how the 1ift is determined at which this climb
angle can be maintained at a given blowing coefficient and a given flap
angle is shown in Figure 44. This figure shows the relation between the
1lift and drag characteristics when the angle of attack varies. The inter-
section of such a relation (lowest line for the critical engine inopera-
tive) with the condition Cp = -Cj tand yields the 1lift that meets the
minimum climb limit.

The optimm flap angles to be used are those that meet the critical
safety margins as well as the climb requirements., These are indicated in
the above Figures 39 and 40 and labcled there as ''"Takeoff Flap Angle."

I't should be noted that the climb curves shown pertain strictly to
the blowing coefficients indicated in these ficures. lowever, when the
aircraft happens to liftoff at a blowing coefficient indicated, the speed
will have increased by the time the climbout equilibrium has becn obtain-
ed. At this increased speed a higher climb angle capability exists.

Thus, in order not to excecd unnecessarily the required climb angle during
the climbout, a somewhat higher {lap angle may be used already at liftoff
in anticipation of this spced increase. Assuming that the percentage
speed increase is known, for example 5 percent, the higher flap angle can
be determined as follows,
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Figure 45 shows a repeat of the curves at which a climb angle of 3
degrees can be attained, each for a given blowing coefficient. With the
two blowing coefficients indicated, new curves can be interpolated where
the speed is a percantage larger. The blowing coefficient for the higher
speeds are computed from

(\05)

. Y _ Qw0 Ve:oj~

(CLT:?:; Tee /S e/ \Vio <<3u

Curves for these blowing coefficients are indicated as dashed lines.
They are then transcribed into Figures 39 and 40, where new intersections
with the safety margins can be found. These intersections then yield the
corrected flap angles where thislimitation is met. Since the increase in
speed percentage is a variable depending on pilot technique, the lift
off condition intersections were selected for analysis in the present

study.

In any event, it is seen that at each blowing cocfficient a Cj value
or a value of C/Cy py can he obtained that represents the optimum lift-
ing capability consistent with the ground rules and the aerodynamic
characteristics of the aircraft, This C, or(CL/Cypp) value can be
plotted versus Cypplor l/ﬁx4p53 and the latter relation is chosen in
Figure 46. This relation is preferred in this report because of the direct
denendence on the T/W ratio which is of immediate importance in preliminary
design

‘.CL o L/as L - 4
Cone © T/aS ~ T " T

This relation enters directly in the upper portion of the nomogram
in Fipure 37. The lower portion is onlv a multiplication of
ViCupp: or o/ UTpp/8) by (1/4)(T/8) to obtain «. If the acvedynanic
characteristics change, or if other safetv or nerformance ground rules
are used, such as climb angle, only this upper portion of the nomogram
will be affected quantitatively. The type of the nomoeram will be
unchanged for different aerodynamic characteristics or even lift/propulsion
concepts as long as € {or CL/Cupp) can be expressed in tems of
(:lup}.; {or 1/(:ﬁf’li)'
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To facilitate changing the nomogram for different climb require-
ments, or for aerodynamic data, and for different lift/propulsion concepts
the axis system of the upper portion of the nomogram is made identical to
that of Figure 46.
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3.2.1 TAKEOFF DISTANCE

(a) Nomograms and Graphs .

S RS

Perhaps the most useful type of graph for the detemmination cf balanced-
toekeoff distances during preliminary design stages is presented in
Figures 47a and 47b. The graph shows the distance as a function of the
thrust to weight ratio T/W, the wing loading /S, as well as the atnos-
pheric density ratios as the main variables. HNo uhstacle height is used.

Such a graph is suitable to assess the effects of variations in
wing area, installed engine thrust and aircraft weicht, while keeping
other effects relatively constant such as certain force ratios relsted
to braking coefficients and aircraft drag/theust ratios. These ratiuvs,
nowever, do affect the magnitudes showa to some extent and should be
determined prior to preliminary design excrcises. The graph is based
on ratios that werc found t> be suitable for the exterually blown flap
concept presently under study. ‘thev nYO F~/Tpp. = 1.8 and F4/Fg = 1.67,
and a range of Fg/iFy from 7,75 to 1,25. Herexn Tpe is the static
nnzzle thrust per engine, Fp aid 7y are average accelerating forces when
3 or 4 engines are operating, and IFnl is the average braking force.
The determination cf the ratios is .iiscussed later in this report.

Also, an experience value for the speed at which an engine fails,
Vg, needs to be used in the detemmination of the takeoff distance from
such a graph, Surprisingly, the distance is not very sensitive to this
speed at values of interest, so that a first order estimate of Vi may
vield an acceptable first assessment of the takeoff distance. It is
suggested, that the takeoft distance be detemnined first with an
cstimated Vp (for example 60 knots true}, that subsequently Vi be
detemmined as shown in the next chapter, and that finally the takeoff{
distance be read again with the new Vp as a sccond iterative stoep.
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From a graph such as given in the figure above the takeoff distance
can be determined as a function of aircraft weight and field elevation
for each given engine size (as expressed in Tpg at S.L. STD condition)
and wing area, S, This is illustratéd in the ?ollowing example using
Vg = 60 knots true, F4/1 = 1.0, S = 1600 ft2 and the above graph:

e O e B

° 1 (4 Eng) (bs) | 1/w | ws | 87R. ] (Ft)
P R 90)) 1.0 [ 82,200 1bs 1 140,000 LR VAR v L
150,000 550} 93.7 1 93.7 11115

160,000 .5151 100.0 §100.0 | 1335
2500 FE.TRot) | 857 | 79,200 Ibs 140,000 5661 87.5 T10Z2.0 | 1150

150,000 .528} 93.7 ]109.2 | 1375

160,000 .4951100.0 } 116.7 | 1625

Ot

The distance of this sample computation is presented graphically in
Figure 48.

Because the force ratios F3/Tpg and Fy/F; may deviatc somewhat from
the values used in the sbove figures it is of Interest to assess the
sensitivity of the “akeoff distance to a variation of these ratios.

This sensitivity is shown by the curves in Figure 42. The cugves are
accurate to within 0.5 percent of the takeoff distance for all T/W and
(W/S)/ (P /6 ) values shown in Figure 47. Using these sensitivity curves
for correction factors, the takeoff distance may be approximately express-

ed by:

B I R

e W T g e

> A
J =(J)r3/‘rﬁ=l.ao mr,/weﬂﬁb (d);‘ [Toe * 16T

£/ Tog =167

A nomogram has also been develuped that gives the balanced takeoff
distanse directly, without factorization, and with varving velues for the
above described ratios, see Figure 50, This nomogram forms the basis of
the graphs rresented ahove. It is recommended to use this graph if the
force ratius are significantly different from the values used above. The
derivation of this nomogram is presented in the appendix.
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(b) Ground Rules and Aerodynamic Limitations

The above graphs and nomograms for the determination of the takeoff
distance are based on balanced distances without an obstacle height, see
Figure 51. This means that the ground roll of a continued takeoff after
engine failure is equal to the ground roll when the takeoff is aiurted
after the engine failure.

Equal distances are obtained by detemmining an aircraft speed on
the ground at which proper action must be taken either to continue to
takeoff or to brake after engine failure. If the speed at which the
engine fails, Vg, is high, then the distance required to continue the
takeoff is relatively short and the distance required to stop is rela-
tively long. Vice versa, a low Vg results in a long takeoff distance and
a short distance to bring the aircraft to a stop. Thus, the above graphs
and nomograms require the detemination of the value of Vp for which the
ground rolls are equal. B ’

Inherent with the use of this balanced distance, it is assumed that
Vg can be detemined unrestricted by other limitations, such that Vi
does not need to be increased on the hasis of controllability problems
during engine failure on the ground. '

Assumed also is that, if an engine fails at Vp, one second elapses
hefore the pilot recosnizes the failure and comes to a decision of either
to continue the takeoff or to brake. If he decides to brake, it is assumed
that it will take an additional two seconds before all braking devices
sych as thrust reversers and wheel brakes are fully effective, Durina the

“first second before initiution of the braking, the aircraft increases

specd because of the threc-engine acceleration force. During the two
seconds after initiation of the braking the aircraft first stil] continues
to increase speed, but subsequently decreases speed near the end of the
two-second period.  For the purpose of establishing methods to determine
takeoff distances, an aversge constant speed is assumed during the total
throe second period. This is equally as arbitrary as the assumption of

a one-secord rocomn.tion time and a two-second brake deployment fime,

Thus the rolling distance hetween start of entine failure and beginning
of full brakine effect is assumed to be, using the true speed for Vp

L‘»J - 3 \/,: fmits in feot and seconds)
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If the pilot decides to continue the takeoff after engine failure at
Vg, the takeoff distance is continued to a flight speed that meets all
flight safety and climb requirements. The 1iftoff speed is the same as
that described in the previous sectzon and Lhus consmtent with the ground
rules stated rhere. :

This speed is reflected in the lower portion of the vertical axis £
the nomogram in Figure 50. If the aircraft aerodynmamics change, or if
the safety margins or climb requirements change, a different relation
between T/W and (1/Cy pglyo needs to be substituted at this part of the
nomogram as discussed in the section for liftoff speed. For this
reason a scale of (1/Cypg)io is inciuded in the nomogram. This scale
remains unchanged during this manipulation, and only the T/W values need

- to be revised, ‘

Furthermore the ground rules used in this nomogram do not include a
“portion of the runway length needed to taxi the aircraft onto the runway,
and to provide a surface for tiic nose gear to rest upon after an aborted
takeoff. To provide this capability, 1 distance needs to be added

equal to:.

63 = Q3+[N

Where R is the taxi radius to the outer gear, and J? N is the distance
between the nose gear and the main gear, see Figure 52.

(¢) Supporting Information

Failure Speed Vg

A noogram for the determination of the failure speed Vp is progented
in Figure 53. It is lased on the same force ratios Fy/Tpg as the noino-
gram for the tehooff distance in " gure 47,

The fatlure speed needs to be known for the accurate detemmination of
the takeoff distance in the sbove mentioned section. lowever, conversely,
the determination of Ve depends here on the tukeoff distance. [t is
suggested to first determine the takeoff distance with an assumed Vp,
subsequently to determine with this distance a new Vi fram the present
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Figure 53 and then to determine a refined takeoff distance, etc., in an
iterative procedure. This iteration is rapidly converging, and mostly
only one corrective step is needed.

The aerodynamic data used in this nomcgram, as well as the flight
safety margins and climb requirements that enter into the determination
of Vg are the same as for the takeoff distance nomogram. If other
aerodynamic data or ground rules or force ratios Fz/Tpp and F4/Fz need
to be used, a more detailed nomogram should be taken that is derived in
“the appendix. From this more detailed nomogram a new simplified version
may be derived as of the type shown above in Figure 5. but with changed
ground rules or changed aerodynamic data as necessary.

Thrust and Drag During Ground Roll

il

R

.. this section nomograms for the determination of the following
torce ratios are presented for use in takeoff distance nomograms:

Fa Average accelerating force with 4 engines 4§

F3 Average accelerating force with 3 engines g
¥

Fz 4 Average accelerating force with 3 engines i

TpE static engine thrust at exhaust (per cngine) g

Fg Averase uaccelerating Yorce with 4 engines

Iy~ Average decelerating force while braking

L S ek

These ratios nced to be obtained only a relatively fow times after
selection of a lift/mropulsion system whereafter probably experience 4
values. can be used. X

Nomograms for Fg/Upp and Fy/Tpp. are presented in Figures 54 and 55
respectively,  The ratio Fg/Fy is thea obtained from

L IITAL:
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The two nomograms are based on a ground roll during which the flaps are
not blown. It is assumed that the thrust nozzles are rotated only immediately
prior to liftoff to a blowing position. (Nozzle positioning may become a
standard operational procedure for this type of vehicle during STOL mode
employment, Its use is analogous to a collective pitch lever in helicopters,
and its operation would become »f secondary nature to the pilot.) Most of the
ground run is thve _arried out with the nozzles deflected downward by a small
angle &N so that the exhaust is not obstructed by the flaps. This results in
a relatively high forward thrust component 4Tpg cos 5 N in the acceleration
phase. Under these circumstances aerodynamic drag and lift is generated
exactly as in conventional aerodynamics, i.e., Lgers = CLpo q S and Dgerq =
CDpg q S, where the suoscript PO denotes power-off aerodynamics. Power
effects are added from the thrust components without aerodynamic interference.
The aerodynamic derivatives should include ground effect.

A nomogram for tFB!/rpE is presented in Figure 56 on a similar basis,
except that two engines out of four are assumed operating with thrust
reversers, and that the remaining two engines are inoperative because one
of them is assumed failed, and the other shut down to preserve thrust
symmetry. No vertical thrust components are considered from the engine
exhaust syst-m with the reversers actuated. A derivation of the equations
used in the nomogram are presented in the appendix.

The above nomograms include a decrease of the net engine thrust with
speed increase. This decrease is primarily due to the intake momentum
drag. The remainder is due to a change in the nozzle exhaust force. The
equation used here for the total change with speed is

a0 Nk
e B e

where N is the number of engines operating and where K is a factor that
varies only slightly with speed and power conditions.

To use the above nomograms, only the factor K needs to be deteymined.
An cxample of its detemination is given in Figure 57, It is suggested
tc determine the value of K only once for a given engine/aircraft lavout
because the main change with speed and power 15 anproximated adequately by
the variation in [Tzpy.

Use of the figure requires the knowledge of I\il,:, which is the intahe
area inside the inlet per engine, as well as the bypiass ratic B -nd wing
reference area S, Note that

Agog 8 /8 = TAB /a(b/0se)?

where \ is the wing aspect ratio, and Dpp is the diameter of the inlet
throat of each engine.

Background infos.ation of the thrust change with speed is presented
in the appendix.
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3.1.3 SAMPLE COMPUTATIONS AND SAMPLE DATA

The takeoff distance, liftoff speed, and failure speed may be deter-
mined as follows:

First Step
Obtain a first order approximation of the takeoff distance with an

assumed value for Vg = 100 ft/second true (60 KTAS) from Figure 47 using
appropriate values for T/W, W/S, and P /F» :

W Q w/S
AESEIE

O(SO! 100 ! 0.856 I 117 “ 1600

L
W

Obtain a first order approximation of the failure speed, using
Figure 53.

T (WS T T VE
W P/P. 1S T Ws || KEAS | KTAS | FI/S TROE
0.501 117 50 70.0 | 75.8 128

Second Step

Determine Vp/Vyy using Figure 37 for Viy:

. - , 9
T e [N gL |
W S KEAS , Vf}} 10 10
0.50 L%)] f 04,0 0.748 1.74 1.5%

Uhtain factor K tor the intake momentum drag from Figure 57, using
appropriate values for .a'l,,p,/s and the engine bvpass ratio B. In the
present sample
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VLo K

0.50 l 50 l 94.0 0.080

Determine force ratios involving Fy, Fi, and |Fgl from Figures 54,
55, and 56. Appropriate values need to be taken for the lift and dircg
coefficient, thrust nozzle deflection (downward), friction coefficient and
thrust reversal. If Cupp = 1.7, Cpy, = 0.27, Sy = 15°, A = 0.10, and
if the thrust reversal is 50 percent (on twoe engines) then:

T { T {Ve || K + Y wy _F Fo | F¢ | A
2 - 4 Y i re | F4 T4
W S {keas|| Tes ‘ ) ch 0 we lbo( W Vu‘) Toe | Tee | |Fsl | F3

0.50 I 50 |70 2,91 § 0.14 ! 0.42 l 2.54 '1.67 ‘ 3.4 10.855 1.7

The takeoff distance is then determined from Figure S0:

T W/S |3V | i
B ! 7P| FT/S TRUE |
0.50' 117 I 384 W 1640

The failure speed for a balanced takeoff becomes, using Figure 76 in
the appendix

WS I Fs |Ea T V¥ £. v
8 r /P& ‘ PE TPE ) ‘ KEAS R: ' KTAS

50 | 1640 | 117 1 1.67 ] 0.855 50 | 67.0 10.85 | 70.5

The takeoff distance may also be determined, though less accurate,
from Figures 47 and 49 with V; from the first approximation:

i L. .
T | Fa ‘37& Fy/Tes = 1 Ba Btd | |4
| Pl [ | rye et g) T oy By Mnlogg
0.50 | 0.855 | 117 | 1570 T1.67 1107 1 1.7 | .08 | 1650

Further Iterative Steps

Iterative steps may be continued with the failure speed from the
second approximation, but in general the accuracy of the nomograms does
not warrant a further iteration.

T e e 5 R RS A P A S i S e

T
SEed

EH

P2

AT s T
‘.H(F"n%, oy

S LA



The above procedurs using Figure 50 and the above sample aircraft
characteristics have been use’ in generating the results shown in Figures
58 and 59 which show some trends of the effect-of T/W on the takeoff

distance and the force ratios F3/Tpg, F4/F3, and Fy/fiFp!.
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3.2 STOL LANDING PERFORMANCE

3.2.1 APPROACH SPEED
(a) A Nomogram for Approach Speed

A type of nomogram from which the approach speed can readily be deter-
mined is shown in Figure 60. Similar to the nomogram for the takeoff
speed, also this nomogram is of a type that can be used for a great variety
of lift/propulsion concepts as long as Cj values for approach can be
expressed in terms of a blowing coefficient C ypg.

(b} Ground Rules Used

In the above nomogram, the following flight safety considerations in
terms of speed and maneuver margins are used:

Va2 1.10 Vg (CEF, IGE)

at V;: n 2 1.15 (CEF, 1GE)

at Va: n 2 1.3 (CEF, OGE)

Herein, Vg 15 used synopomous to the stall speed in ground effect.
It is assumed that the ground angle is not limited by the fuselage.

Also, the assumption is made that no sianificant decrease in speed
occurs between the approach condition and the instant of touch down,
Furthemmore, it is assumed that the approach is made with g four-Jdegree
descent flight path angle which, at approach speeds of interest, results
in a sink rate of about 10 {t/second,

n addition, the requirement is imposed that it be possible to waveoff
with the earlier stated takeoff safety margins and with a ¢limb angle of
§ = 3° in the event that one engine is failed and that the waveoff is
initiated ar an altitude of 100 feet ahove the nuway. lerein, partial
flap retraction is used.

m
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(c) Aerodynamic Limitations

The speed margins and maneuver margins for approach are applied to
the maximum lifting capability of the aircraft in a similar fashion as
described in the section of aerodynamic limitations for takeoff. The
same ‘basic maximm 1lift data are used here, which is based on the angle
of attack limit for which adequate roll control exists in case of engine
failure (X = 18°). Also the same data for ground effect on lift is used
here.

The effect of the various margins on the useable 1ift for approach
is shown in Figures 61 and.62 for two different values of the blowing
coefficient. All curves are trimmed in pitch, roll, and yaw. All curves
pertain to the critical engine failed (CEF), and spoilers are extended
asymmetrically only on one side of the wing for rolling moment equilibrium.
No spoiler deflection for DLC is used in these figures. The figures also
indicate the relation between the flap angle and the 1lift coefficient where
an approach flight path of " = -4° is obtained. This relation is deter-
mined in a very similar way as that for § = +3° in takeoff in Figure 44,

The highest lift where this flight path requirement as well as the
most stringent safety margin is satisfied represents the highest useable
lift for approach. This oc .rs at the intersection of the respective
lift lines. The lift of the intersections is now plotted versus the inverse
o{ the blowing coefficient in Figure 63. Such a figure yields the minimum
arproach speed for any given value of the thrust Tpp. At any given Tpg
and W = L, a condition to the right of the line has safety margins greater
than those stated above. Conditions to the left represent speeds that
are lower than that at which the safety margins can be met,

The curve in Figure 63 is included in the nomogram in Figure 60
for values of 1/C ypg lower than 2.0 (see next chapter for lues greater
than 2.0). The upper portion of the vertical axis in this nomogram
represents CL/QJ(PE which is readily expressed in T/W by

o L. W 4

Croe  Tee /4 R

The horizontal axes in both figures are also identical. This axis
system has been vseu in the nomogram to facilitate changes in the relation
between CL/C g pg versus 1/C ,p when the aerodynamics change or when the
safety requirements or the descent rate are altered. The relation shown
is valid for the externally blown flap lift/propulsion concept with
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aerodynamic characteristics based on a certain wind tunnel test. How-
ever, again this type of namogram can bb used for many different lift/
propulsion concepts as long as C, can be expressed in temis of a
coefficient such as Cypg. :

_ One safety requirement not included thus far and which can change
the relation in Figure 63 pertains to the waveoff capability. This capa-
bility is discussed in the following section.

(d) Waveoff Constraints

Waveoff considerations become important whenever the speed after a
pullup from the approach is less than the speed for takeoff with one
engine failed. It is r~ssumed here that the speed for waveoff is at least
equal to that for takeoff so that at least equal safety margins and climb
capabilities exist as after the takeoff, '

To compare these speeds, first a comparison between the relation of
L/TPE versus 1/Cypp for approach and takeoff is made, as shown in
Figure 64. The relation for approach is taken from the above Figure 63,
while the relation for takeoff or waveoff is found from Figure 46.

It is seen that the inverse of the blowing coefficient is lower for
approach than for landing at L/Tpg values of interest. This inverse of
the coefficient is indicative of the dynamic pressure or speed at given
values of Tpp because

1
9 = =—(Tp,./5)
CupsPE

This means the approach speed is lower than the takeoff speed at equal
values of the thrust Tpy. Generally it may be assumed that the thrusts
are indeed the same and equal to the maximum because the thrust of three
engines is advanced fully after [ailure of one engine in-.order to obtain
a minimum landing distance with three engines operating. Thus, it is

seen that with the safety margins for approach and takeoff presently

used, the waveoff requirements may indeed become the most stringent safety
requirement for the landing approach.
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One way to insure adequate climb capability after waveoff is to use
the same relation of CL/CA‘pE versus 1/QA4PE for approach as for takeoff,
and to disregard the relation for ap roach derived in the previous sec-
tion. This results in an increased approach speed and thus increzsed
landing distance. '

Another procedure would be to change the thrust level. However, this
would necessitate the use of less than maximum thrust during tha thr:e
engine approach, and this results in a greater landing distance in normal
operation. Both these procedures are not used in the present repert.

However, it is also possible that the speed increases while the pullup
and a flap reduction is carried out, especially when the flap angle can
be reduced fairly rapidly and when the pullup is not severe. In that case
the approach speed can indeed be lower than the climbout speed. To :
investigate this possibility the drag characteristics of the aircraft are
analyzed here and related to the maneuver requirements and flap retraction
rate.

[N

The pullup should be the minimum possible within safety constraints,
One of these constraints is posed by the loss of altitude after waveoff
initiation. [t can be shown that the altitude loss is

:
-t Y2
aH e ang

where
V2 = rate of sink in ft/second

An * normal acceleration due to pullup

Assuning that the waveoff is initiated at an altitude of 100 {eet above
the runway with one engine inoperative, and that only 80 percent of this
altitude may be consumed for clearance, the required normal acceleration
for Vz = -10 ft/sccond becomes:

A
ane= "E''0 | goi04
~-A0{322)
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Another constraint is the assumed requirement that the flight path is
curved upward at the end of the runway in such a way that the flight path
angle is equal to the design takeoff flight path angle with one engine
inoperative, It can be shown that the distance,gg , travelled to change
the flight path from the approach angle, Kﬂi to the takeoff climb angle,

¥y is:

d= (1)L mg

where the angles are in radians, and V is the aircraft flight velocity in
ft/second. Assuming that Y, = -4°/57.3, ¥, = +3°/57.3, V = 135 ft/
second or 80 knots, and that xﬁ = 2000 feet, this equation yields:

( ”q)aooc, 3 = 00396 ¢ 035

Using this latter amount for the required nommal ageceleration, a first
order assessment is made of the speed increase as shown somewhat
schematically in Figure 65.

In this sample the nomal acceleration is rcached after one second of
waveoff initiation, and the flap is reduced frem 69° to 32° in three
seconds. It is assumed that a double slotted flap is used, and that only
the setting of the last segment needs to be changed. The extermnal aero-
dynamic forces on the flap probably can be made to keep the power require-
ments for the flap actuation mechabism to a reasonably low value. In
the present sannle, the first {lap segment is kept unchanged between
approach and waveoff at 25°,

e
The avergee acceleration obtained from this figure is x = 0.032q,
and the speed increases during the waveoff by 15 ft/second or 11 percent.

This means that the approach in this sample can be made with a speed
that is only 90 percent of the takeoff ¢limb speed because during the
waveof { mancuver the speed can he increased to the 100 percent lovel of
the takeofl climb speed. Applyxng the 90 percent value te the retation
of CL/Cupp versus 1/C pp: of the takeoff condition, vesults an values
that can be used to s dtxs%y the waveoff climb condition, see Fumre 06,

The final relation of CL/Capp versus 1/Cgpp to be used for anproach
muist be either the one for the waveoff consideration from the above Pieure,
or the one satisfying the approach safety marging in the descent {light
fliht path from Figure 03, vhichever is critical. This final rejation is
\hﬁhﬂ in Figure 67 and forms the basis of the upper portion of the approuach
speed nomogram in Figure 60.
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3.2. 2 LANDING DISTANCE
(a) Nomograms for Landing Distance
A namogram for the determination of the landing distance with an

aircraft height of 50 feet at the threshold and a smk rate of 10 ft/
second is presented in Figure 68. The nomogram is detemined from

6__: *\/z*2>va'

ag (x /g)
where

H = height at threshold, 50 feet

~ Vz = rate of sink, (ft/second)

Vg = true approach velocity, (ft/second)
X - Fal 1Fal T/w

ﬁ W Te ¢ 7‘
The value of the braking force, [Fpi , can be determined from Figure 56.

Another nomogram where the height above the eround and the approach
glide path is a variable is presented in Figure 69. The total deceleration
is:

»
*

(3, T Sy

-

PE W W (V]

anix

where
[} . - : el
(-;2“.)‘9; Thrust revorsal ratio of cach engine used during reversal

! T
(‘x‘!‘)p » 100 = "percent thrust reversal"
t
Np = Number of engines used for reversal, Np = 2
T = Four engine static nozzle thrust

Note that in the second namogram the true speed must be entered,
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(b) Ground Rules Used

- The ground rules on which the nomogram in Figure 68 is based are
- (see also sketch in Figure 70):

Height at threshold: 50 feet above runway

Above threshold: Aircraft speed satisfies flight safety margins
stated in 3.2.1
Sink rate, -V7 = 10 ft/second

No landing flare

Two seconds ground roll without deceleration
Fuil deceleration two seconds after touchdown
Deceleration with: '

ALt = 0.30
50 percent thrust rcversal on two engines
Spoilers fully deflected

3.2.3 SAMPLE COMPUTATIONS

The-'landing distance with a height of 50 feet at the threshold is
determined as follows.

Obtain the approach speed, V,, from Figure 60 for given values of
T/W and W/S, for example: '

T N T, TN Va
W S | ST W'S | KEAS

0.50 80 40.0 76.5

1
J
{
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Determine ]FBVTPE from Figure 56, for example using C

T | Va T i Fal
W KEAS | S TpE

50 ] 765 I 10.0] 4.0

Determine the landing distance from Figure 68, using p/g,

as a sample value

T J1Fp, T |Va ]
Vo7 e W o [Ks| pr | FT
) s 76.5! .857 | 1580

_ = .59,
CLye = 0 with spoilers opened, K = .11 (from Figure 57) or egggrience
value), AL = ,030, 50 percent thrust reversal on two engines:

.857

An example of landing distances as a function of T/W and W/S with
the above constants is presented in Figure 71.
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Section IV
CONCLUSIONS AND RECCMMENDATIONS

Ground rules for takeoff and landing have been recomended for use in
a supplement to MIL-C-S011A, '"™ilitary Specification; Charts, Standard
Aircraft Characteristics and Performance, Piloted Aircraft'*. Also methods
and nomograms for the determination of the field performance were pre-
sented on the basis of these recommended ground rules. The ground rules
were derived on the basis of safe speed margins, reasonable maneuver
characteristics, and controllability after engine failure or severe gust.
The performance methods and ground rules are sufficiently general to be
applicable to a variety of lift/propulsion concepts for STOL aircraft,

Numerous assumptions were made with regard to pilot reaction to
engine failure and gust, in particular, recognition time and total time
needed to control the aircraft. These still must be verified with test
data or simulator data. An assessment of sround rules was made with
these assumed pilot techniques, primarily to show what the safety require
ments possibly could be, to describe a frame of aircraft characteristics
within which the pilot has to operate, and to build a technical or theore-
tical background that might aid in the planning and conducting of more
meaningful test setups.

With this frame of recommended criteria as a reference, it is
suggested to obtain information with regard to airport gust and the pilot
responsc mechanism.  Included should he down draft to detemmine the
vertical clearance to obstacles or the best height above the threshoid.
Also, included should be the effect of rear gusts, and in particular the

[ A

pilot response to it and whether thrust increases can be carried out
tinely.

Similarly, nilot response to engine failure near touchdown, and his
reaction to a rebounce should be determined, as well as requirements with
respect to the maximum rate of 1ift control that should be made avail-
able to him for nroper control. A relation between required magnitude
of control should he established as a function of maximm rate of lift
control.

Assault landings were not proposed witheut one engine-out safety.
Alternatives should be studied in conjunction with a military operations
analysis which is beyond the scope of the present study.
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A.1 TAKEOFF DISTANCE AND FAILURE SPEED

Equations are derived for the balanced field length for takeoff

without consideration of an obstacle; the ground roll distance to lift-

off is made equal to the accelerate and stop distance in case of an
engine failure.

The distance for the takeoff ground roll,gf , is basically camputed
from

J - jm:j(vdt)w 5(-574\/

%)

Herein, the acceleration dV/dt varies with the aircraft speed. It is
generally the highest at the beginning of the takeoff (v = 0), and less
at liftoff, For the purposz of simplifving the takeoff computation,
the ground run is split in two sections, and over each of the two sec-
tions the acceleration wil! be taken constant. The first section will
cover the acceleration with four engines operating, and the second sec-
tion will pertain to the condition with one engine failed. Thus

é \ 1VP‘ ’ ‘\/I-O
L,

dvy

where (=) = aveirage acceleration with four engines

b

(g{i = average acceleration with three engines
Ve = spoed at which one engine fails
Vig = speed at wkich the aircraft lifts off the around
An average ucceleration is sometimes used as an approxtmation for
conventional aircraft. In the case of STOL aircraft, the acceleration

is usually larger than for conventional aircraft, which means that the
percentage change of the acceleration with speed is generally less for
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STOL aircraft., Thus, it appears, that the use of average accelerations is

appropriate for the present report.

The accelerations are now related to average net forward forces, F,
as follows:

-~

W (dVvy
g dLAv°P‘V

or

n

dV
<§I 4

oV
)= %Fa

4 F
w

where the subscripts 3 and 4 denote average forces in the 3 and 4-epgine
operation. This yields

2 2 LR
45._,-.5‘--\[?.‘:":.» %ijg_VF]
() | F

or

J//(a() = 1s v 1e0-4r¢
3 =

In order to present nomograms with the wing leading W/S as a
variable, the wing area S is introduced. Also, because F3 amd Fy are
directly related to the engine thrust, the thrust is used to nondimen-
sionalize Fy and Fg. The static value of it is used for the reference
thrust in order to avoid confusion related to net thrust changes with
speed. These changes are caused by intake momentum effects and Lross
thrust changes. Thrust values of a single nozzle, i.e., the thrust paer
engine, Tpp, is used so that no change in reference thrust needs to be
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i ,51\‘-?«:"‘{ A § 255 0 <-_"<‘.;\-w.
.~;§
made in going from a normal operating condition to a case with an engine E
failed. The above equation becames:
) (1&03) - 3r5)
J _ 'T"r-E Tre TeE
w/s - F ) |
( ( ) Tet §
or
;
| !
-~ ;
J (Ca.?) (C«PE)F i’TPt. - _ <GJFE>L° (C,u&> l- -1 ;
(W...LS) ) (& (& ) L»~3
¢ Tee The/ Tee ( ) ‘Tb;)

in which, by definition

SRR

This equation is nresented graphically as "curve @" in Figure 72.
The takeoff distance is plotted to the left and nondimensionalized by
(W/S)/ @2 . At the hottom of the curve is the takeoff distance when
the engine fails immediately after brake release, i.e., when (1/Cpp)p =
0. Increased values on the vertical axis represent an increase in for-
ward speed at which the engine fails, At such increased forward speeds,
the takeoft distance hecomes sherter because some acceleration is ob-
tained with four engines., The shortening of this distance is indicated
by the slope of "curve Q"

R e

G P S

The ahove takeoff distance to liftoff must be compared to the
aceelerate and stop distance in tho event the takeeff is aborted, The
accelerate-stop-distance is computed from

Ve o
- (gigr) Vav + ad + ﬁ"@“ V4V
Ith Yo Ty
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where (dV/dt:)B is the decelerztion of the aircraft, and a4 an increase
of the distance for any reason, such as the distance traveled after engine
failure and before 100 percent braking is achieved.

Using
@\%)«1 i % g
\%\3 ¥ -a;\ce\

the above equation becomes

Ly ® (.
%F4 }.”:3\
w

This yields:

(W) By (B) T 22

rd o P43 For
or
‘(g (Cw's |+ LL L]
G \Fel
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This equation can be presented graphically as shown by "curve @'"in
Figure 73. At the intersection of this curve with the horizontal axis
the distance A& is show: in the nondimensional form. At this axis,
the aircraft speed is zero at the moment of engine failure. This is
expressed by (1/Cu)g = 0. Then the distance to accelerate is rero and
also the distance to stop is zero, leaving only the effect of A ef .
With increase of the forward speed at which the engine fails also the
accelerate/stop distance increases which is expressed by the slope of

"curve §"

v 1 DU NI, AT Wz

To convert a given distance AJ into the above nondimensionalized
. form Ad / (W/Seg) a small nomogram is included in the figure to the
¢ right. This conversion is based on

A kT e v Aav et e s am e

Ad /3
WIS T Ad = =ijf_'_§_ - nd 2% lba/er
G5) O @ G

The accelerate and stop distance presented in the ahove fom is
expresssed in the same coordinate sysiem as the distance of a continued
i takeoff after engine failure. This facilitates a direct comparison.
f This comparison is needed to make the accelerate/stop distance equal to
the continued takeoff distance, which is the conditicn for the takeoff
) distance to be balanced. The graphical solution fer obtaining this
; balance is illustrated in the lower left of Figure 74 by the intersection

of curves ® and @

ALY

Going vertically from this intersection, the balanced field length
can be found. The conversion from the nondimensional field iength to the
actual field length is shown at the top of tihe figure, using

YA et ¢,

——_———rc T vy M R b g et

‘%{%@) 076( 1basFr?

Gning horizontally {rom the intersection in this ficure vields the
inverse of the blowing coefficient existing at the speed at wvhich the engiae
fails in the balanced case. From

3
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This speed can be determined when the thrust leve! Tpg and the atmospheric
density is knom. In this balanced condition, the failure speed Vg
is equal to the decision speed by definition.

The above described portions of the nomograms pertaining to the
balanced takeoff distance are now combined into the single nomogram shown
in Figure 75.

A nomogran for the determination of the failure speed is given in

Figure 76 based on the same principles, except assuming that the takeoff
distance is known from a previous itcrative step.

A.2 ACCELERATING FORCE

The average force in the forward direction when all engines are
operating can be expressed as

Fg = Tay = Oav - 4 (W'LA\/)
where

= average engine thrust component

—3
=
f

= average aerodynamic drag

K=
=
f

= average aerodynamic lift and vertical thrust component

>>“L"‘
<
1

The resnectlve average forces are expressed as follows using lpL
as the definition of the static nozzle thiust per engine:

T,, = 4Tee 08 SN -4 4<Toe /ITC0,

O
z
i

s 1
Lav = % 3¢ CLo, S+ 4Toc s SN
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Substitution yields: |
fi « §-4(1-Co8 &N NPT _x Cow (W, G _
R NS iy s

ﬂnmanogram based on this equation is given in Figure S4.

Similar to the accelerating force with four engines, the force for
three engines operating is-obtained from:

- F3 = Tay = DAV"//-<W'LAV>
where row:

4 3K
Tay = 3Tee cos SN - é‘ 3 - — [ Tos
J(Cunpt)‘- l( Cee Pilo

Dpy = -‘L: [&rCDNS *igocopgg}

]

L= 4 [ir Clp,S+ 4, Cipo 3] + 3 Tez = Sn

or
TAV = 3 TP cog S —~ 3K 3¢ b ]-2s2 ez
Z N®/8 " |Tals
= 3The cos S — (\“’V’N"")( 2K )Tor
; . 2 TN Gt
; Day = li’.("aL/.".'_). 1,,Cop, S
Ly < +(\:»/Vi‘)13w Chand +3Tee &n AN
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Substitution into the equation for FS yields:

. CDPQ (l + VFZ/ VL:)

___EQ 3-3 (, -—Cos&l)- %.356 “'VE/VLo)

|
Tee v (Cecoelio ¢ (Gupsdo
- W CL%(“V‘W‘;}_ 3 N SN

Tee 3 (CA-PE)Lo

This equation forms the basis of the nomogram in Figure 55.

A.3 DECELERATING FORCE

Using the same general approach as above, the braking force is
obtained fram:

\Fé! = ——:’-—%( -T?.E)T+ AC){“DAV-?M(W’LAV)

where:

NR = number of engines with reversed thrust

"R = ratio of thrust in reversed conditiun to thrust in unreversed
T condition, per engine (100 Tp/T = % thrust reversal)

T = sum of static nozzle thrust fram four engines

o
AD; = (1/2)Nn‘ﬁﬁ§ﬁ"rpg = gverage reduction of net thrust due to
speed increase, primarily intake momentum drag

DAV - (1/2)(} Cnpo S

I‘!\V = (1/2)q CLpO S
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Substitution and dividing by Tpg yields:

Tee 4 (‘T"):‘:;: +‘{Nﬂ'r'cz—r:+?~&+ﬂ<__w__L \.?o)

or, using N = 2 for the nomogram in Figure 56:

Fel 2 Te < Qom 4 ! OL.P(\)
— - + o+ hd + ‘,{ —r——— - oo—

|
tee T i C;« PE 2 C“P‘i

A.4 INGINE NET THRUST DECREASE WITH SPEED

The engine net thrust decrease that occurs when the speed increases
can be expressed as a drag increment per engine as follows: :

ATee Tee /S ‘

The factor K is also a function of q and Tpg, and depends on the
engines used (but only to a relatively minor extent except for the bypass
ratio}. The equation is rewritten into:

80, _ |80 /Tee N
ATrE R S Yee A, 02
/TW./A,‘ v © J ¢ Mies
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or

AD,

= |.aD//Tos ,/A.)ve ; ,/ 9
Tee [ . 8 “ee/S
Twaxzxe

where
Ajpp = inlet throat area per engine

B = engine bypass ratio

and where
O;
K = AU, /Teg
a
TFE/A.GD:B

It has been found that ADj/
tion with

Tpg deviates only slightly fram a linear varia-

with 9

Use of the bypass ratio in this form resulted in an empirical rela-
tion where data from'different engines and bypass ratios very nearly
collapsed into a single relation, An example of this is shown in
Figure 77. This means, that in a limited region of interest

AD; / Yer

=~ Constant

——
jTu JAivs e

and for given values of Ajpp and B also K 2 constant.
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The determination of the value K is shown in the nomograms in this figure.
The engine data used therein are only samples. Before determining the factor
K for a particular engine/aircraft layout, the engine data should be plotted as
shown in the nomogram for verlflcatlon of detailed explanation of the variables
involved,

A.5 GUST RESPONSE

To derive a differential equation for the determination of the vehicle's
angle of attack excursion in response to a discrete vertical gust, the
sumnation of the response and forcing function forces can be written as;

m (o) = Oy %28+ Gy 9840 (1) 1.

since, 4% = (&-0()V, rmarranging und solvivg for &3

va{[+C:. ] LE [-AO( +(..1)1 J‘”fem"ﬁn‘(ﬂ 11

6 = [1+Ce. e.s]* «C 33 +(-3) Ci, & 33 .
Feon X8 -M)e 8 shown ~o be;

= Cay A 39E /0 + Cop, o0 ISE/T + O p382/5+Coy (PHSE/T.
Se:ﬂw«‘ Lke expressions ﬁjua\ A segmﬁu'\ e
o ad (W) <erms

;(F*'C;. %]*“[Ctxmv ~Cm, 3¢ Q.s"s"-»c 13 3-‘]
Cm 35 - &.&’3“ C“’;:J {ﬁf% B, LGy ..%j
- <3’é"‘> [en 3 ]
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Expressing as a second-order system differential equation, where o+ 2“51 o .

wnlAd= £ (%_g) when critical damping is assumed f¢= 1);

%_C Va/i)

0., 28
'Q"dmv

o + 2N -~ 2o = -w,:(-gﬁ -C"g%%

and e« - (On, +Cu O, 28
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