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AN ANALYSIS AND SIMULATION OF LANDINGS
UTILIZIRG STORED-ENERGY LIFT

By
D.R. Ellis and E. Seckel

SUMMARY

The various phases of a landing, in which energy stored on
board the aircraft is used to support its weight during decelera-
tion from flare to hover, are considered. The deceleration is
assumed to be done at constant altitude and pitch attitude, 1lift
due to stored energy being commanded as reguired by a separate
control at the lefthand of the pilot.

Simulation of the decsleration phase of the landing was pro-
vided in a simple analogue computer, oscilloscope display, stick
and 1ift control, arrangement. Variation of velocity and various
aerodynamic parameters with time were programmed in accordance
with theoretical calculations of constant attitude deceleration
With reverse TNrust. oiMuldied deielecralluil and oiulh QCwWn runc
were made with various initial conditions and airplane parameters.

Simulation of the landing procedure indicates that when the
stored-energy 1ift is brought on during final approach prior to
the braking phase, the landing maneuver is easy and natural for
the pilot. This technique, however, is very wasteful of stored-
energy. It is much more efficient to use stored-energy 1ift only
as needed during deceleration, to support the aircraft as aerody-
namic 1ift decreases. The latter technique is more difficult for
the pilot, but appears to be feasible, given that certain other
conditions are favorable. Estimates of stored-energy requirements
are made for the various techniques and ranges of parameters.

TRy - R RN 4 " AT e e 7T T SRR T T S s T T T T e 1 e o, e TS



INTRODUCTION

All the various means to support a flyling vehicle continuously
at very low speeds are quite inefficient and require large or com-
plicated power plants and lifting elements., The large installed
power or complicated lifting systems for Vertical Take-off and
Landing capability seem always to compromise the aircraft in one
way or another, |

If, however, short bursts of 1lift energy could be stored on
board the aircraft, and used for 1lift during the momentary decelera-
tion phase from "flight speed" to hovering, perhaps VIOL capability
could be furnished withou®t a large handican in terms of installed
power or complicated systems.

This idea raises qu=:ztions about piloting problems during the
transients involved in slewlng down - near the ground - from a
normal approach or flare cgeed to a hover. In this phase, of course,
the stored-energy 1lift is required to support the aircraft. It is
expected that the management of the stored-energy would have an im-
portant bearing on the stored-energy capacity requirements and the
casc of perferming the mancuver.

The study reported here was undertaken to explore the general
feasibility of such landings, and to indicate the range of energy

requirements for various piloting techniques and ranges of parameters.
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SYMBOLS

- Drag
CD drag coefficient —agg
CD zero-1ift drag coefficient
0
- Lift
CL 1ift coefficient ==
D drag
g acceleration due to gravity
h altitude
i subscript denoting start of deceleration
Iy moment of inertia about pitch axis
Ia stored energy specific impulse
f-(—S—T—f|6|dt—ldet
g T W L o
n,
i
ki induced drag parameter -
U,
i
K induced drag constant for parabolic drag polar
_ 2
£ tail length
L 1ift
L
-+ stability derivative, = %%
L stored-ener 1ift control derivative 1 oL
6T gy > m 56T
m mass
L
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pitching moment

longitudinal stability derivative

oy 2k

longitudinal stability derivative

e LAl

M

oy g

longitudinal control derivative, %L-é%ﬁ
y

S

iH

longitudinal stability derivative,

2l

pitching moment due to stored energy lift, %;
y

aerodynamic (wing) load factor,

=\t

oM

g

aerodynamic (wing) load factor at start of deceleration

12

dynamic pressure, 5

wing aled

time, seconds

deceleration time parameter, Vﬁ T75 o ’

thrust

reverse thrust

stored energy 1lift

time required for deceleration phase

velocity ratio, %L
R
velocity
/—~)",'“—
velocity for minimum drag, /g% CK
Ilp DO
't




W

vertical gust velocity

weight

~distance along flight path

distance parameter, ——%;5———~ .
VR (/D) hax

reverse thrust parameter, W (L/D)mak

angle of attack
flight path angle-

moment control (center;stick) deflection
stored energy céntrol?(si@e lever) deflection
pitch attitude angle

density

longlitudinal shoct perlod nalbural rrequency

longitudinal short period damping ratio .
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- ANALYSIS AND RESULTS
Two Types of Stored-Energy Landing

For the purposes of discussion and analysis in the following
sections, one kind (ni = 0) of stored-energy landing is broken
down into five phases. They are illustrated in the sketch below.

N

(1)Transition
to stored energy
N
//fé) Stabilization

N
Touch- |
Jous (5);% (4) Deceleration :¥—~{—*’/fgSFlare

e A A A A

Fig. 1 The Phases of a Stored-Energy Landing (n, = 0)

We shall not deal with preliminary phases which would not
involve expenditure of stored energy, like navigation to the ter-
minal area, maneuvering in the terminal area traffic patterns for
positién and sequence, then acquiring and stabilizing on the flight
path for final approach. The landing begins, for our purposes,
with the first use of stored-energy on final approach, in Phase 1,
above. The stored-energy thrust, or 1ift, would be brought on
from Ty= 0 to T=W in this period. Speed and descent angle
would be kept approximately constant, but angle-of-attack and atti-
tude would undergo large changes. This phase would correspond
roughly to lowering flaps, during final approach, from mid-position
to landing position, in a conventional airplane.




Phase 2 is a short period of stabilization to eliminate tran-
sients arising in the ftransition, to acquire the correct position
and speed for the flare to "get set", so to speak, for the exacting
final phases of the landing. We assume, though it is not really
crucial, that Phases 1 and 2 are done at V = 100 ft/sec and
= 6° . The rate of descent is therefore 10 ft/sec, or 600 ft/min.
Phase 3 is the flare from the 6 deg. descentspath to level
flight ‘just off the ground. At the end of flare the aircraft is
assumed to be in level flight.at about 10 ft altitude, V = 100 ft/sec,
ready for deceleration to hover.  /~
During deceleration, Phase L, the pllot applies reverse (bra-
king) thrust, and while slowing down, controls height by modulating
the stored-energy 1ift, controls attitude with conventional stick
(or wheel), and monitors speed, . V , in order to cut off reverse
thrust when hovering is reached. |
Finally, Phase 5 consists of a set-down, at zero forward speed,
to the ground. It would be done by simply decreasing the stored-
energy lift. ' ol '

A~~~ £ ~ ~ - . -
The proccdure 4cocritcld above 1o a ifablic: uUbviuus ©ALSIISLON

of an ordinary landlng technique. It is otviously feasible, given
favorable values for certain parameters which will te discussed
later. It is, however, obviously wasteful of stored energy, which
is brought on in final approach long before it is really needed to
sustain the weight of the aircraft. This has led to consideration
of a second kind of stored-energy landing, in which the final ap-
proach and flare are to be done on ordinary aerodynamic wing lift,
and the stored energy 1ift is saved for Phase U where it is brought
on as needed for control of altitude during the deceleration. But
in this method, precision height control during deceleration might
be more difficult, possitly even impractical.

From the point of view of the piloting task, the significant
differences between the two methods lie in Phase 4, To explore
them experimentally, a simple piloted simulator for deceleration
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and touch-down was devised. The two principal parameters which
were varied were the deceleration time, TH , representing dif-
ferent levels of reverse thrust; and the level of stored-energy
1ift at the beginning of Phase 4, proportional to (1 - ni) .
Where ni = 0 , the landing is of the first kind, where the tran-
sition to stored-energy 1lift is on final approach, as in Fig.
Where n, = 1 , the landing is of the other kind, in which the
stored-energy 1lift is brought on as needed, during deceleration.

An intermediate value of ng would correspond to a partial
transition to stored-energy 1ift on final approach with the remain-
der brought on as needed during Phase 4. A few runs of that kind
were made, with n; = .5 , representing stored-energy 1lift equal
to one-half weight in Phases 1, 2 and 3, and at the beginning of
Phase 4.

Besides variations of the two principal parameters Tu and
n; two other features of the system were varied also. They were
the pitch dynamics of the aircraft, consisting of the set of sta-
bility derivatives; and a control coupling term, pitching moment
Gue LU dluscu-cucigy 1iil, Mg . Tus vaiiallous lu Uices pasas-
meters and their effects on thé piloting task will be discussed
in detail in the presentation of results.

The Deceleration Maneuver

The particular deceleration maneuver representing Phase L4
involves constant altitude and constant pitch attitude, in which
the aircraft is borne partly upon aerodynamic 1ift and partly upon
Girect 1lift from a stored-energy source. It is assumed that reverse
‘hrust independent of velocity is available.




Altitude, h

L
x/'TL
D H
oY v
D

Distance, x

Fig., 2 Orientation of Force and Velocity Vectors
for Deceleration

The flight path may be described by the following set of
equations:

h = (1a)
x =V (1b)
L+T, -W=0 (1c)
- - We
I T Y T =V = U /1 A\

TL and TD are the stored-energy direct 1ift and the reverse thrust,
respectively.
Equations (1lc) and (1d) may be rewritten as

T

L
n-—l+—W—=O (2&)
. T '
D D
where
- b
n=yg

the ratio of aerodynamic (wing) 1ift to weight.
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Constant CL Constraint

Since flight-path angle, y , pitch attitude, € , and angle-
of-attack, a , are related according to

v=6-o (3)

1imiting the maneuver to constant altitude and constant attitude
also implies constant angle-of-attack. This in turn implies that
the aerodynamic (wing) 1ift coefficient is constant.
If conditions existing at the beginning of the deceleration
maneuver are denoted by a subscript "i", we have
nW niW

C - = )_l_
Ly /2psv° 1/295V12 (%)

We thus obtain the load factor variation during the maneuver:

AN

- TAI\V. /
I g

P
‘N
S

Stored-Energy Lift - Function of Velocity

The amount of stored-energy 1ift which must be supplied to
maintain level flight as the airspeed decreases is found by inser-
ting equation (5) into the 1ift equation (2a) . The result is:

T 2
L \'
w=t- n;{ﬁ) (6)

Differential Equations of Deceleration

The central problem of the analysis is to determine the dis-
tance and the time required to decelerate from some initial velo-
city to a final velocity, taking into account the initial aerody-
namic (wing) load factor, the level of reverse thrust available,
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and the drag aerodynamics of the vehicle.

The governing equations are obtained by rearranging the "drag
equation", (2b), with velocity as the independent variable, which
gives

dx 'V

e (72)
HrCI
W W
at 1
A S (70)

It is reasonable to assume that the drag aerodynamics of the
machine may be represented by a parabolic polar,

Cp =Cp + KC (8)

so that the required variation of drag with speed is

5
C. + KC, %)
(DO I 5

= W pV S (9)

=g

Subsequent operations are simplified if we introduce at this
roint a non-dimensional velocity, u , defined as follows:

u = 5 (10)

v
VR
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where Vg = velocity for maximum L/D
(or minimum drag in level flight with L = W)

K

Ty
ps v/ Cbg

D 1 <2 n) .
= = u o+ = (11)
W = 2(L/D),., 5

Substituting the above expressions for u and % into the
time and distance equations, (7a) and (7b), yields
dx* 2u3
= = - 12¢
du ' 114 4 D7 112 £ n2 ( 'l)
and
* 2
at _ . 2 5 (12b)
au u + QZDu + n
where
x_* = Xg.—_.
VR (B/D) o«
* to
t = =
VR L/D max
T
_ "D
2y = (B/D)pax

reverse thrust parameter

13




It may be noted that the reverse thrust parameter, ZD >, 1is
the ratio of reverse thrust to minimum thrust required in level
flight, with 1ift equal to weight.

Equations (12a) and (12b) represent, in parametric form,
equations for decelerating flight paths with

L = nW

y=0

i

TD constant

which may now be integrated to yield the required distance and time
for the maneuver,

Integrated Distance and Time

If the load factor appropriate to the constant - a condition -
equation (5) - is inserted in the differential equations for dis~
tance and time, we have )

: o
* 2u-du
dx = - - 5%
u + 2ZDu + n
_ 2u3du
=T 2 \2
4 2 u
u + QZDu + (ni—-2>
u
i
_ ( Uy >[ 2udu ]
-7 4 2
ui + ni 5 ( 2ui ZD >
u + 2
uy + ng

i
N
[}
+|-
=
|_I¢
N~
~
N
P
7N\
l <
o
N
(v}
N
| S|
-
W
2

AR




and similarly,

dt* - _ 2u2du

u4 + 2ZDu2 + n2

) du |
SN A
()
T+ kK
ni2
where ki = =
uy

Integrating, the genéral pérametric distance and time solu-
tions are :

X = - —~;——-> 1n u2 + —EEE—— + Constant (14a)
- 1 + k. 1+ Kk,
. i i
and - 27
£ = - i ___LL—-Tan'l —Y 4+ Constant (14v)
Zn 1 + k;
i 22D '
/ 1+ ki

Using subscripts to denote initial, ( %3 and final, ( )f R
conditions, the distance and time reqguired to decelerate are given
by

V.2 (1/D) , 2z . 27
= glzl T k.i];lax [lh(\li + —l-_’i‘—D_l-(‘_-L-> - 1n<uf + SN k-l ]
(152)

X
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Ve(l/Dpox  <%p [ 1 W 1 Y
= > T T & LTan - = Tan (15b)
&4p v i o7 /,’ 225
VAT VT F Ky
for Zy # 0 and
g(l + ki) Ue u;

for the case 72, =0

Note that neither solution allows both the reverse thrust
and the final velocity to be simultaneously zero; this is physi-
cally correct since the only retarding force present in that situa-
o

) r

Lion A5 the aciOdyaewiic drag, proporiional to Vv

Figures 3 and 4 | which present the logarithmic and inverse
tangent portions of equations (15a) and (15b) , are useful for
estimating distance and time requirements.

Reverse Thrust Required to Decelerate in a Given Time

The time-required solution, Equation (15b) , may be rearranged
to yield the reverse thrust required to decelerate from the initial
velocity to some final velocity in a given time. TFor this study,
the most interesting case was that of zero final velocity, and
Figures 5 and 6 present examples of this calculation. Figure 5
i3 for an initial aerodynamic load factor of unity (aircraft en-
tirely wing-borne at start of deceleration) while Figure 6 1is for
ny = O (aircraft supported entirely on stored-energy 1lift).

A comparison of the two sets of curves shows that at reasonably

high initial velocities (ui > .8), there is little difference

bty
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between the two cases with respect to the amount of reverse thrust
reguired to obtain a given t* . In other words, the influence
of induced drag (k,) is small. '

By contrast, at low initial velocities the differences are
large, especially for short decelerations. However, these very
low initial velocities are, in general, unobtainable for n; = 1
flight as the following section indicates.

Limits on Uy and k4

In order not to exceed the maximum 1lift coefficient of the
aircraft '

‘L 2725@% =k Cp <Cy (16)
i vy (L/D) pax max
Thus
CLmax 2
o < (e ) ()
= (L/D)max
and since
2
K, = —%
1 I
vy

tnis implies that the initial velocity must satisfy the inequality

ﬂ:{ ,
uy > iy [ g ERme (18)
v  Lpax

17




Equation (18) indicates that any initial velocity is permis-
sible for the n, = 0 case, and this is so, since the machine is
not dependent upon aerodynanic 1ift and CLi = 0 , For the
ng; = 1 case, however, vy will be given approximately by

since typically, C is about unity.

L(L/D)max
Thus, unless very large lift coefficients are obtainable, the
lower values of u; on Figure 5 are not permissible, and induced
drag does not greatly lessen the reverse thrust requirements. (It
should be also noted that, subject to the same conditions, the
time history of velocity will be relatively independent of ny )

A sample calculation is carried out in the Appendix.
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The Simulation ]

The pilot was seated before a simple instrument and visual
display, and operated the aircraft through two control levers:
a center stick for pitching moment control, and a left-hand side
lever for controlling stored-energy 1ift, with a finger switch for
shutting off reverse (decelerating) thrust. The svisual presenta-
tion cchsisted of two horizontal lines diSplayed?on a dual-beam
osciiloscope. A broad line,'by its distance above an index on the
tube face, displayed height or altitude. A fine 1line, by its dis-
placement from the broad line, indicated pitch attitude. 1In the
"mind's eye" of the pilot, the broad line represented a horizontal

line fixed to the aircraft nearAthe CG - say the landing gear wheel
axle - while the fins line represented a horizontal bar fixed to
the nose of the aircraft. The altitude, h , signal in the analogue
computer commanded vertical displécement equally of both horizontal
lines; whereas the pitch attitude signal, A6 , affected only the
fine line. This compromise display was considered to be fairly

+- 2 4t~ I R T I T e et
natural hy tha nilot = After come procticc, the pillot Could dnver-

pret the display without confusion, and even described the simula-
tion as "quite realistic"., Immediately above the oscilloscope, a
voltmeter indicated velocity, derived from a signal in the analogue
computer. Its scale, from zero to 100, read directly in feet per
second.

-The piiot "flew" the display by manipulating the two control
levers connected electrically to the computer analogue representa-
tion of the pitch attitude and vertical displacement degrees of
freedom of the aircraft. To represent atmospheric turbulence,
random appearing signals were also applied to the two degrees of
freedom, causing a random component of vehicle motion which had
to be overcome by the pilot. The turbulence signals represented
w (vertical) gusts of about three feet per second (rms). They
.were Judged by the pilot to represent a rough, gusty day, but not
a highly improbable or unrealistic condition,

19




The pilot did not have continuous, closed-loop control over
velocity. It was considered that in a real landing, reverse thrust
control would be ON~OFF. It would be turned ON st the end of flare
and turned OFF on reaching a hover. The actual deceleration would
thus be open-loop. In the simulation, velocity was programmed in
accordance with the analytical results previously given, using the
aircraft parameters computed in the Appendix., The velocity pro-
grams are shown in Figure 7 . The pilot was, however, required
to monitor airspeed in order to shut off reverse thrust. This was
done by releasing a spring-loaded switch on the left-hand stored-
energy lever,

From the point of view of the pilot, runs were conducted in
the following way:

a) Initially, the display was stationary, indicating an
altitude of ten feet; a nominal or desired pitch attitude; and
V = 100 ft/sec. The pilot would begin the run by pressing an
OPERATE button on the center stick. In the next few seconds he

vemeaT A mrrammanmins bl At cambhd i s mf il ase 3 e de v e - D e a
TV NS Mt M W Y e e WS ildNe Miive O VA walds Ve CUddid T2V ChdWA u.uub;uyv Uu divsas L e Y

and attitude in the presence of the turbulence., Velocity would
then start decreasing, as though in response to reverse thrust.

A few trial runs were made in which the pilot applied reverse
thrust himself. Unconstrained with respect to landing point, and
lacking any display of ground features, he tended to wait for a
lull in disturbances to put on the reverse thrust. In an actual
landing, however, the pilot would have ground references and he
would be shooting for a particular flare point and touch-down point -
so he would have to accept whatever disturbance existed at the point
where reverse thrust had to be applied. A better representation of
this real situation was achieved by having the computer operator
start the reverse thrust and deceleration at random a few seconds
after OPERATE.

b) During decleration, with velocity decreasing, the pilot
would attempt to control height with the side lever, and attitude
with the center stick. Disturbances due to turbulence had to be

20
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suppressed, and he would attempt to "let-down" to about 5 ft. He
was required to shut-off reverse thrust accurately at V = 0 ; and
then, finally, to slack off on stored-energy 1ift for the actual
touch-down & few seconds later,

c) The pattern of runs for a given set of conditions was
two or three for practice, not counted in scoring;” then five to
ten data runs; and finally, a rest and discussiopﬂof piloting

difficulty and performance, including assignmenf"of a Cooper rating.

The equations of the analogue computer for 1lift and pitching
moment are given below. ' ;

3 La V2
‘A-é +—-—-Wg+g<l - ny——,

La .
- (Tr + s) sAp + La A?5= -LéT T i

M. M : :
a Q 2. . 5 . _
< S + T)SAh + {S - (MQ, 4+ MG)S - MCL]AG = M(SSAE)S Wg

[aal I . - - !
1T 1TRPUNIDTED Lall DE gavell ad

- Lg v2
-L6 AéT + - we g(l - ni*72> La

T Vi {
2
W 2
My 88 - F W, {s - (M ,Me)s—Ma]!
dh S |
T T
s (92 + 2tws + w?)
L L 2
a Q V
- =5 - S “L, Aby + = W _ + g(l - n, — )
GT T V g i V12
M. M 2
Q o] @
5 © + 5 MésAés -5 wg
A6 = -
. 8 (s2 + 2¢tus + we)
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These are the conventional, linear, small perturbation equations -
novel only in their provision for turbulence and for the time varia-
tion of derivatives to correspond to variation of airspeed. The
latter was accomplished by the computer operator who manipulated

a set of ganged potentiometers to properly track the prescribed
velocity function of time. In this way, the derivatives were made
functionally dependent on V as follows: |

g - V2

Lo/v~v

Me constant

M(5 constant
s

Lé constant
T

g COndLany
T

The pitch damping, My , and the stick (elevator) effective-
ness, Més s perhaps require some explanation. The natural, aero-
dynamic value of the former would, of course, vary as V , and the
latter as V2 . But in a real aircraft, control effectiveness
would be needed at all speeds. There are many ways 1t could be
achieved, the details of which are quite outside the objectives of
this investigation. A logical and acceptable compromise for the
simulation was simply to make Més constant. It was quickly
found in preliminary trials that without pitch damping the simula-
tor could not be flown adequately at low speed. It was therefore
decided to make Mé constant also, to represent an artificial

pitch damper, familiar in almost all VTOL aircraft, including many
helicopters.
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It can be shown that in the transfer functions of A8 and
Ah to 1lift and moment for forward flight, there are only five
independent parameters. They are prescribed by values of Lé/V s
La/V s M6 » £ 5 w - independent of M& s which may be put equal
to zero without introducing any peculiarity or unnatural response
characteristic. The angle—of-attack damping, M& s occurs separately
only in the numerator of the pitch-to-1ift transfer fUnction, as ’

W% ( or M.) . According to ordinary aerodynamic theory the latter
would be independent of speed, but this is rather obviously wrong
at V = 0, where it should be equal to zero. 1In hovering, a non-
zero M& would produce an undesirable anomalous pitch response to
1ift. The derivative was therefore put equal to zero in order to
avold the anomaly in the simplest possible way.

The disturbances due to turbulence were introduced in the com-
promise way indicated in the equations. Technically, only the w
gust components were represented, and only approximately, The many
details of the forces and moments due to turbulence are peripheral !
to the problem here. The features presented in the simulation wers. f

a) uisturpances in beth 1ift and pitching moment were
correlated and approximately of proper relative mag-
nitude

b) both 1lift and moment disturbances varied linearly
with velocity

c) disturbances in magnitude were rationally related
to the stability derivatives which determine the
dynamic stability and response. The "good" configu-
ration with large derivatives is disturbed more than
the "vad" one, which has smaller derivatives.

d) the root-mean-square value of the Wy signal was
about three feet per second. The resulting distur-
bances were considered by the pilot to be realistic

and representative of a gusty, windy day. The wg
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signal was obtained from a rotating cam and follower
device having a repetition period of two minutes.
For practical purposes, its spectrum could be con-
sidered continuous, flat to about i cps, then

0
dropping off at 12 db/oct.

The "good" and "bad" dynamics configurations are fully de-
scribed by only three parameters., Their values at the initial
speed of 100 ft/sec, were

"GOOd" “Bad 1"
Loy 1.00 .25
® 3.6 rad/sec 1.3 rad/sec
c .7 ’15

The individual stability derivatives could be found, if needed,

from
Mr:! -0
w? = Ma +-¥% Wé
LG
2w = < - M. - Mg

The control lever sensitivities were set at favorable values,
in order to guarentee that their particular values did not influence
the results. The side lever for stored-energy lift had a travel
of about four inches from zero to lift = weight. Hence the deriva-
tive was

% 8 ft/sece/in

gl

: oL
1 = =
bp 1 38

2k
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The sensitivity of the moment control, the center stick, was
selected by the pilot to be optimum for the task. No consideration
was given to other flight conditions or design compromises. The
derivative had the value

Més = Tl— 3 - .8 rad/sece/in

The coupling parameter, pitching moment due to stored-energy
1ift, was tried at two different levels, besides zero. The most
meaningful measure of their magnitudes would be in terms of stick
motion required to produce cancelling moments. In those terms

20,
= ,5 and 1.0
Ty, 30

These values correspond respectively to one-~half and one inch
of stick motion to cancel the moment due to an increment of stored-

ArAavieeer 13 O nﬂu\ﬁ'l +A 1rr:4 fad =% o mMam~ Mf\ﬁY\“v\ﬂ' AP S~ S v AL

RO 104 -k W v ks v e dddhr B LA S AL va Viidews LG oIS OX
oJ 3

offset between the CG and the center of stored-energy 1ift, depends
on many parameters of the aircraft. For the Més used in this
simulation, the larger value is roughly an offset of

. I (slug - ft )
X = W‘Tboundu)

For a small aircraft of, say, 10,000 pounds, the equivalent offset
would likely be & foot or two.
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Results of the Experimental Simalation Program

The data taken in the deceleration and touch-down runs were
of three kinds: pilot opinion ratings and commentary; time at which
reverse thrust was shut off; and time histories of the following
quantities

control deflections, 6T and és
flight variables, A6 and h
energy used, \/]6T|dt and L/]ésldt

We shall present these data first, and then try to draw general
conclusions about the feasibility of the different techniques and
the trade-off between energy requirements ané quality of the piloting
task.

It was quickly found in trial runs that the deceleration time,

LomtdtaAT K24 V2O MV and Lamde o T - —m = . ’
Tll- 3 ond the Indtisl wing LI80 1344 JalT0i, 1y » wWeice paiaucucid

of outstanding importance. The whole task of Ewo-dimensional
control and of monitoring V , was very much easier for n, = 0
than for ng = 1 , and of course it became more difficult as Tu
was decreased. The pilot opinion rating function of T4 and ny
is presented in Fig. 8 for the "good" dynamics, and in Fig. 9
for the "bad" configuration. In both of those configurations the
control coupling term MaT was zero. In these figures, the small
numerals indicate actual POR assigned by the pilot., The contours
and identifying circled numerals represent fairing of the data.
They are dotted where they are considered to be extrapolations.
The well-known Cooper scale was used with the standard descriptions
given in Table 1 .

Configuration With "Good" Dynamics
Consider first the “good" configuration, Fig. 8 . The best
rating was 3.2 at ng = o, Tu = 10 , The pilot reported,
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"Nothing really wrong. Easy to control both pitch and height.
No danger of premature ground contact. Completely confident of
good landing. Plenty of time to monitor V . Would rate better
except that turbulence is guite strong. Would not improve appre-
ciably to increase T N

The recorded histories of 6T R 6S » 06 and h are shown
in Fig.10 , They show excellent control over attitude and height,
and a moderate level of activity of the two controls - largest‘at
the beginning, and diminishing as the disturbances decrease along
with speed. Note that ¢ varies due to turbulence about the

T _
trim position, which for n, = 0 1is steady at stored-energy 1lift

equals weight. The averagelerror in shutting off reverse thrust
was only .2 seconds - hardly any worse than could be done with no
tracking task at all, full attention on V (.1 seconds).

Next consider the small degradation to a rating of 3.5 due to
shortening the time, Tu to 5 seconds, keeping n; = 0 . Control
was essentially the same as for longer Tu s touch-down was easy
and consistent, pilot felt slightly rushed in judging reverse
TNrust Ccut-oIl time, aithough the average error was again only
.2 seconds.

Now consider the right-hand side of the figure, for ng = 1 -
starting again with T# = 10 seconds, and a pilot rating of 4. The
pilot reported,

"Almost contacted ground prematurely on one run, but mostly
good performance. Confident about landing. Necessity to pull on
GT s to counter tendency to sink, requires more attention, and makes
it harder to shut-off reverse thrust on time."

Time histories for one run ere shown in Fig. 11 . The fluctua-
tions in 6T seem larger, and they now vary about a trim position
which itself varies quite rapidly as speed decreases. Height and
attitude control performance are not as good. The near ground hit
is noted in the figure. The average error in reverse thrust shut-
off was .U seconds. It is clear that although the task can still

be done with confidence, it is noticeably harder than for n; =0,
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and accuracy and performance are definitely degraded,

This situation improved slightly to a rating of 3.5 by
lengthening the deceleration time to 15 seconds. The improvement
was due to easier timing of reverse thrust shut-off. Pilot could
devote more attention to height and attitude, and achieved better
performance, Average timing error was only .2 seconds.

With a reduction, however, of TM to & seconds, the pilot
rating deteriorated rapidly to 5.4. Commentary included,

"Really feel rushed, Have to work hard to get into position
for landing, and at same time pay attention to shutting-off reverse
thrust. Necessity to bring on 6T very fast is effectively a
disturbance and requires close attention to h , neglecting A8 at
times. Landable but not under precision control."

Time histories of one run are shown in Fig. 12 ., Very large
excursions in 6T are evident, and there are large variations in
A6 and h , It looks as though this run was pretty frantic,
almost out of control. 1In spite of this, the shut-off timing was
quite good - average error of .3 seconds,.

A fcw intermediace runs were made at ny = .5 , wWith generally
intermediate results, as indicated by the ratings noted in the
figure. The expectation that ny = 0 should be optimum, suggests
that the iso-opinion contours should have zero slope at that point,
and the general shape with which they are drawn, It is clear that
under these conditions with n, = 0 , deceleration time is not of
much importance down to as little as 5 seconds, with the landing
being easy and precise., With n, = 1 , however, the task is harder
and less precise, and deceleration time becomes an important factor.
Deceleration times of 15 seconds are satisfactory and acceptable
wlth good performance and pilot confidence; but times as short
as 5 seconds are only marginally acceptable, with unsatisfactory
performance. From this isolated point of view, the n, = 0
deceleration is clearly preferable. There are, however, other
implications which remain to be developed.
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Configuration With "Bad" Dynamics

With the "bad" configuration of dynamics, the difficulty of
the task 1is greater, the performance worse, and the pilot ratings
correspondingly higher. The iso-opinion contours are faired and
presented in Fig. 9 . They are similar to the other, "good"
case, but generally higher. The best rating obtainable is now
about 4. Lest one be tempted to draw invalid comparisons with
other data like Refs. 1 or 2 , it should be noted that they
are not comparable because of differences of task and conditions;
and above all, because the w , £ tabulated apply only at the
beginning of the runs, where V = 100 fps. Here, in the course of
deceleration, they change radically.

In any case, the 4 rating, obtainable for n, = 0 , corres-
ponds to,

"Damping undesirably low, obviously light, but not too much
problem., Partly compensated by smaller disturbances. h and A8
not too hard to control. Good confidence in flying and landing,

cwven with nvecicinan  Only Aicodvantase da Tow damning "

The time histories of these runs indeed show performance
roughly comparable to their counterparts of the "gocd" dynamics.
This pilot, however, is obviously somewhat apprehensive about the
low damping, even though he successfully copes with it. The errors
- of reverse thrust cut-off time average only .2 seconds.

For Dy = 1.0 , the situation is again quite different. For
the rapid deceleration, Tq = 5 seconds, the pilot comments,

"Rather bad. Completely inconsistent in performance. Air-
craft tends to sink, hard to get h back. Low damping in pitch,
yet because of primary h task, 46 control must suffer. Cannot
spare any attention for speed - consistently late in turning off
reverse thrust. Cannot guarantee successful landing."

The time histories amply confirm these remarks. Many of them,
like Fig. 13 , show the aircraft essentially out of control, with

large changes in pitch attitude and height, and frantic manipulation
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of the controls. Although several technically successful landings
were made, on two runs out of fourteen, control was lost and they
have to be labeled "crashes". In the successful runs, the average
reverse thrust timing error was .5 seconds.
Increasing the deceleration time of course alleviates the
difficulties. Of the 5 rating at T4 = 15 seconds, the pilot says,
"Quite a bit harder than n, = 0 , which does not require
tight h control like this one. Different technique. This one
bounces more (in h ), which feeds pitch, which is too lightly
damped. Hard task - keeps you busy - too many things to do.
Doubt if you could ever do as well as with ng = 0 O

Again the time history records confirm the commentary. Al-
though all runs could be completed, some were near-crashes, like
Fig. 14 where the aircraft grazed the ground while still in for-
ward motion. Some runs involved very active control motions with
noticeable over-controlling and "chasing" the display. The average
reverse thrust timing error was .3 sgconds.

The effects and interplay of the Th and ny parameters

ceam AN mmenTan mLmad T e dapana ke dlea A mns AP dle Bl ALl L2
Chk W Nl Y [ RS S  S Cra v wiil \.&uo - vias BW MY FAAML N W TV b WA

only a general degradation. The ng 0 decelerations, though
not easy or pleasant, are nevertheless consistently flyable,
With n, = 1 , however, the task varies between marginally accep-
table at T4 = 15 seconds to occasional disaster at Tu =5

seconds,

Configurations With Control Coupling, MbT

A few runs were made to investigate the effect of the pitching
moment due to stored-energy 1ift, MéT . This effect, of either
sign, appeared to be undesirable, It was worst, however, for the
direction of nose-down moment for increasing lift, and was exagge-
rated in the case of "bad" dynamics. For MéT of that sign,
negative, the angle of attack change induced by it tends to coun-
teract, or defeat, the 1ift change commanded by 6T in the first

30

T T inconhi s as gt R o b e i T s T T T T



place. It is possible to combat this by careful control coordina-
tion, but the whole effect changes with speed, and is difficult

to learn. The inputs into pitch from the 1lift lever are like
additional disturbances, and they force the pilot to devote more
attention to A6 , which he can i1l afford to do. Fig. 15 shows
how pilot ratings are affected by M5T s for various kinds of runs
and conditions. For the not-too-unfavorable case of "bad" dynamics,
Ty = 5 seconds, n, = 0 [a 4 in Fig. 15 ], the gradient in the
nose-down direction of M5T is very steep, with the rating quickly
climbing to 7. The pilot reported,

"Inconsistent performance. Cannot guarantee successful landing.
Cannot really cope with it. Pitching gets out of hand. Cannot
keep control over both h and a6 ."

Of the nose-up MéT s the pilot also reported difficulty with
pitching, but he says he is more tolerant of moment correlated
this way to 1lift, where nose-up pitch enforces the "up" 1ift change.
The degradations of rating are nearly equal, however,

With the better dynamics and n; = 0 , the unfavorable effect
OI elTner sign or Mg 1s agajin anpreciabhle, The flaw is that
the A€ response to éT demands attention to the pitch loop,
with consequent degradation in h control and V monitoring.

The pilot would "rather not fight the pitch response"”. He comments
(although his ratings do not show it here) that nose-up Mj
requires the easier, more natural, control coordination.

In the more critical task of n, = 1 , the larger activity
of the 6T control is felt more strongly in the A8 1loop. In
this case, the pilot downrates the nose-up Mg the more severely
because he feels that the change of trim 6T » as speed reduces,
produces a tendency to over-rotate. He "'hates to push hard forward
while slowing down, for fear of landing on the nose",

In any case, it is clear that MéT of the magnitudes tested,
of either sign, is a severe disadvantage in the deceleration and
touch-down task as simulated here. It might well degrade an
otherwise acceptable and satisfactory situation to a distinctly
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marginal one; or it might move a more difficult, otherwise marginal
case into the completely unacceptable, uncontrollable category.

In an actual design, this derivative would have to be contained
within rather narrow limits. Although the data are somewhat limited
and not eng%fely consistent, it appears that values corresponding
to i%— 33; IM greater than + .25 inch might be gonsidered

undesirable, and values greater than + .5 inch wog{d be definitely
objectionable. ’ ;

Limited Correlation With Flight Tests

An abbreviated series of;landings with a real, variable sta-
bility airplane, in a small separate program, has tended to confirm
the general feasibility of decelerdtions of the kind discussed
above. 1In those real landings, the approach and flare (phases 1,

2 and 3) were made at a high speed (about 100 mph) with decelera-
tion near the ground to about 65 mph, where touchdown occurred.

The deceleration rates were governed by the natural aerody-
namic drag of the airplane, averaéing about 5 seconds in duration.

. . 2N A4 —de L N I R
Throughout the deceleration ghacc, the pilct centrollcd aliiltuce,

h , through a separate thumb-wheel which commanded 1ift by flap
deflection. For most of the landings pitch attitude was automa-
tically controlled by an attitude-hold autopilot working the eleva-
tor. As speed.decreased during deceleration, the pilot brought on
1lift through flap deflection to stay airborne as long as possible.
The taék, therefore, was height control, with changes of both 1ift
trim and stability derivatives, roughly similar to the simulator
runs of "good" dynamics and n; =1 , described above.

The principal result was that the height control by direct 1ift
during deceleration was easy and natural. It was certainly feasible
from the piloting point of view, and possibly even had some advan-
tages over the conventional control of 1lift through angle of attack,
There were, however, important differences between those exploratory
flight tests and the fixed-base simulator runs representing stored-
energy landings. Because of those differences, entirely valid
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correlation between the two is not possible. It is expected that
the flight tests will be repecrted sesparately (Ref. 3 ).

Discussion_of Stored-Energy Requirements for Complete Landings

We shall attempt, in this section, to interpret the results
of the simulation of deceleration and touch-down in terms of
stored-energy requirements for complete landings under different
conditions. The largest demand upon stored-energy is, of course,
for stored-energy lift, ordered by éT s to support the weight of
the aircraft. A convenient measure of this is specific impulse
defined in the following way

L5
1
I, = —-é_—T-fléTIdt = -W-fTLdt

The units of it are simply seconds, indicating numerically
the necessary capacity in terms of duration in seconds of stored-
energy 111t equal TO welignt.

Deceleration - Phase 4

We shall start with the deceleration phase, Part U4, Fig. 1,
where we have a direct recording of the 6T control requirement
available in the time histories. The data are presented in Fig. 16,
showing how the specific impulse needed for 6T varies with ny
and deceleration time. The small numerals represent average

readings from time histories of runs. The lines and circled numbers
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are the faired contours. It may be noted that at ny = 0 , the
required specific impulse is Jjust T4 itself, which is reasonable,
since in that case the average stored-energy 1lift requirement is
the weight itself and the duration is Tu seconds. As ng is
increased, the necessary specific impulse is decreased, as more
1lift is carried by the wing, until at ny = 1 it is only about
sixty percent of T4 . Although some intermediate values are

shown in Fig. 16 > we shall consider in the following only the ex-
tremes, n; =0 and 1 . The impulse requirement for 6T s Phase 14,
may be read directly from Fig. 16 .

There are two other requirements for stored-energy during
deceleration, which should be considered. They are for artificial
damping and for control, both probably required for all three axes.
Although we do not have data for these requirements, fortunately
they are small, and their orders of magnitude can be estimated in
the following way. Consider first the pitch channel alone. The
recorded \/?ésldt is, in the worst cases, on the order of 2.5
inch-seconds. If we arbitrarily interpret this for

M, -1 rad/sec?/in

s

2

-
l

= 20,000 slug-ft

W = 10,000 pounds
20 £t

=
]

it will correspond to a specific impulse of .25 seconds. Now not
all of this should be charged, since while slowing down, the aero-
dynamic controls would remain partially effective. On the other
hand, some energy is needed for artificial damping. We assume
that these compensating factors just cancel, but we multiply by
three to allow for roll and yaw. Rounding off, we estimate an
increment of specific impulse for damping and control (all axes)

3k




of an even
1 second -

Touch-down -~ Phase 5

Simulated touch-downs were made in the experimental runs
described earlier, They required an average of about 2 to 3
seconds, after shutting off reverse thrust, to let down slowly,
under control. We therefore allow a specific impulse for this
phase of

3 seconds.

Total Impulse Requirements, ng = 1 Landings

For the n; = 1 landings the minimum stored-energy specific
impulse is therefore simply the requirement for Phase 4 (Fig. 16 )
plus U4 seconds. This is displayed as a function of Cooper rating
with deceleration time as a parameter in Fig. 17 .

We call the reader's attention to the fact that no allowance
has been made for any emergency or abnormal situation, none for a
valked landling, and none for a wave-off. 1Lt is not possible within
the scope of this report to draw any valid conclusions about those
matters,

Some pilots feel that up to the point of initiating reverse
thrust, a wave-off might be made without using stored-energy; and
that after starting deceleration with reverse thrust, the pilot
would really be committed to land, and thereafter wave-off capa-
bility would not be required.

We believe that this and the reserve required for an abnor-
mality or emergency (such as a bad gust upset or an obstacle on the
field), are in the realm of conjecture at this time. Those ques-
tions cannot be decided without a much more realistic and complete
simulation and even, perhaps, some experience with actual test
vehicles.
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n, = 0 Landings

—

The n; = 0 landing technique is a much more conservative o
one in which the pilot gets all "set" with the airplane configured
for landing, back on final approach. This involves stored-energy
1ift being on, equal to weight, with the basic wing at near zero
1ift. Stored-energy 1lift would thus be needed during phases 1, 2
and 3 of Fig. 1 . We shall estimate roughly those impulse reguire-
mencs.

Flare - Phase 3

The flare is a crucial maneuver. It must be initiated at
exactly the right time and be completed in exactly the right posi-
tion. The pilot must "close the loop" all the way and devote full
attention to it. He cannot be expected to attend to any other ad-
Justments at the same time, and hence throughout flare, stored-
energy lift must be on, lift = weight, for this type of landing.

We assume for present purposes that the flare is a constant
acceleration change in flight path from six degree descent on final \

anproach ta horizontol | T wC Uzt & 1oad fadtor ol 1,15 fur une |

maneuver and

V = 100 ft/sec

Ay = ,1 rad
we find
=V A L
At = E»TH—:JTY = 2 seconds

We allow, in addition, one second at the beginning end end of
flare for the transient adjustments in angle of attack, making a
total time for Phase 3 of four seconds, and a specific impulse
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requirement of
-4 seconds.

Stabilization - Phase 2

The change in the airplane's flight condition associated with
turning on the stored-energy 1ift will be a big one. Specifically,
large changes in angle-of-attack, attitude, and drag will be in-,
volvad. Even after the stored-energy is fully on, some residual
transients may remain, and speed and position may be off desired
values. The stabilization period is needed to damp the transients,
to adjust power - to force the airplane "into the groove", preceding
flare. We allow five seconds, which is little enough, considering
that it corresponds to only 50 ft of altitude! The specific im-
pulse requirement is therefore

5 seconds.

Transition and Configuration Change - Phase 1

The trim change associated with putting on stared.enarse 13184
at essentially constant speed, involves the large changes in «a
6 , and drag mentioned above, Although there are differences, it
is in some ways comparable to the deceleration maneuver, n; = 1.
The latter involves a very tight h control at almost constant
A6 (except for disturbances) and a velocity loop involving only
monitoring, hence essentially open. Now the Phase 1 transition
maneuver involves a much looser h loop (but not open), a very
large A@ change, and a closed velocity loop requiring throttle
control. These are reasons to suspect that the Phase 1 task may
‘be similar to the one of Phase 4 for =1 , and that it may
require about the same time.

The time requirement viewed in this way, would be different
for the two configurations tested in the simulator. 1In order to
account for this factor in some rational way, we take the time for

a Cooper rating of 5, from Figs. 8 and 9 , and then the specific

3

Ny

37




impulse from Fig. 16 . This leads to specific impulse estimates of

"good" configuration: L seconds
"pad" configuration: 8 seconds
Total Impulse Requirements, n, = 0 Landings

The sum of all these impulse requirements is displayed in
Fig. 17 as a function of Cooper rating, with deceleration time
as a parameter,

The energy requirements are quite considerably greater than
those for n, = 1 . This is of course to be expected, since the
n; = 0 is a far more conservative procedure, It gives the pilot,
just for example, a chance to see if the stored-energy 1ift really
comes on - before he is committed to landing - and a chance to
escape if it does not. As we have noted before, however, a valid
final judgment about the relative merits of the different landing
techniques will have to awalt better simulation and possibly flight

tests.

1rn Lanaings

Landings under Instrument Flight Rules would certainly be of
interest for stored-energy vehicles. There seems to be no reason
why they could not be done. It seems unlikely, however, that ‘
manual deceleration and touch-down could be done except with visual
ground reference,

For ny
proach should not be appropriate. In a runway landing, an over
(or under) flare may simply result in a hard touch-down. In the
stored-energy landing, however, the flare is more crucial and it
must be complete since no premature touch-down can be permitted.
The result is that the minimum ceiling could be expected to be a
bit higher than for conventional runway landings. With that quali-
fication, the energy requirements should not be appreciably dif-

= 1 , there is no reason why a conventional ILS ap-
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ferent, and if the n; = 1 technique is practical at all, then it
should work well enough under IFR conditions.

With ny = 0 , the configuration ( or trim) change of turning
on stored-energy 1lift would not be permissible in the latter stages
of an ILS gpproach. The glide slope and localizer tracking tasks
are sO demanding in themselves as to permit no competition for the
pilct's attention. They would be even more critical in the stored-
energy landing, where position and velocity at break-out and entry
into flare are more crucilal. The ceiling would either have to be
high enough to turn on stored-energy lift after break-out (perhaps
700 ft), or the transition would have to be complete by, say, the
middle marker., This latter condition would very likely be imprac-
tical, since it would require another 30 to 60 secs. of specific
impulse to last over the extended stabilization phase.

Conclusions

Generalized equations and charts are derived and presented for
the level-flight deceleration of a stored-energy vehicle under
various levels O reverse Thrust and SUPDOrt DV STOreu-energy 1iiv.
These are used in an exploratory simulation of the deceleration
and touch-down phases of stored-energy landings.

The vehicle was described by the parameters

Vi, (L/D) :
R max _ 30 sec
g
oW /K
V, = /—= = = 120 fps
R~/ ¢S \/CDO P
(L/D) oy = 8

In ng =0 landings, where the transition to stored-energy 1ift
is made on final approach, the deceleration and touch-down are
easy and natural, even with rather unfavorable conditions of tur-
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bulence, airplane dynamics, and with abrupt decelerations as short
as 5 seconds. The minimum requirement for stored-energy specific
impulse under these conditions, not allowing for emergencies or
wave-off, and in VFR, would be the order of 25 seconds.

In n, = 1 landings, where the transition to stored-energy
1ift 1s made only as required during the deceleration prior to
touch-down, the piloting task is harder and deceleration time is
much more of a factor. Again ignoring emergency or wave-off re-
quirements, it appears that VFR landings of this type could be
‘performed under favorable conditions with specific impulse capacity
as low as ten to twelve seconds,

The control coupling parameter, pitching moment due to stored-
energy 1ift, of either sign, is a disadvantage, and must be re-
stricted to small values.

Under Instrument Flight Rules, the advantage of ng = 1
landings for smaller energy requirements, would be more outstanding.
In fact, if n; = 1 landings are feasible at all, then they should
be suitable for IFR with little if any additional penalty in energy
storage requirement, On the other hand, the ng = 0 1landing
wnder ITD wuuld ve 50 heavily penelized for encrgy-sitvrage speciric
impulse requirement as probably to be impractical.

This study has to be regarded as exploratory, and the con-
clusions qualitative. In order to validate them more fully, ex-~
perience with an actual flight test vehicle would be desirable.

A more realistic simulation would also be helpful.
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APPENDIX

Example Deceleration Calculation

In this section an example calculation is carried out using
the airplane characteristics selected for the fixed-base simulation.

The two quantities which specify the drag aerodynamics of the
airplane are the speed for minimum drag in level flight and the
maximum lift-drag ratio. These were assigned valués

/2W
Vr v/ps 120 ft/sec
(L/D) = =8
max 2,/"—{0%

which are typical of light transport aircraft in landing configu-
ration.

v b vuuobu uu ut:

The velocity at the start of fhp Aecrsloratdon wos

Vi = 100 fps

so that

Considering two initial aerodynamic load factor ceses,
ng = 0 and n, = 1,

ni2 2,08, ny =1
S
vy
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For a 15-second deceleration from 100 ft/sec to a hover
(ug = 0),

* __t _ (15)(32.2) _
t o= V;T%757max = “120)(8) = -503

From Figures 5 and 6

1.36 3 ni =1
{ 1055 3 ni

]
o

Inserting these numbers into equation (15a) yields distance,

2
X = R (/D)nax [1n u, 2 +-EEQ- > - 1n( w2 + EEQ%)
g(17K;) it TR £ 9K

(655 £t , ng
1823 e , n, =

n
c
1
o

LIPS
I

Rearranging equation (15b) with Up = 0O , gives the velocity as a
function of time:

Y-
V= vh_v/'l+£ Ten i ——
1 Vg (L/D) o7

gZD ‘\/ l+1{i

t =
{ 114 Tan 2—0—'—3 s ni =1
211 _JLS =
Tan 358 ° ng 0

(here t 1is the time remaining in the deceleration).
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A similar calculation for a 5-second deceleration glves

’4.8,ni=l
Zp = 5.0 ny =0 from Figs. 5 and 6

232 ft, nj =1
x={250ft, ny =0

{212TanIIt-;U,ni=1

t
379Tanm,3,ni=0

Velocity as a function of time is plotted in Figure 7. The
differences in the curves for a given deceleration time are rela-
tively small and are due to the presence of induced drag for the
n; = 1 case. This emphasizes the fact that induced drag is not
a large factor if the initial velocity is high. It should also be
noted that the reverse thrust required for a short deceleration
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Figure 3. Logarithmic factor in deceleration distance equation
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Figure 4. Inverse tangent parameter in deceleration time equation
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for deceleration to us=0, n; =1.0
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good™ dynamics, My =0
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Figure 10. Altitude and pitch attitude performance, "good"

dynamics, M3T=O, ni=l, T4=10secs
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