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Abstract

At an early project state of a future combat
aircraft, designed with negative static stability,
it is necessary to go through an optimization pro-
cess in order to minimize the complexity and cost
for the control system by avoiding undesirable
aerodynamic characteristics. A careful refinement
of certain parts of the configuration gives the
chance to stay within the limits and to meet the
criteria and goals for the desired longitudinal
and lateral basic behaviour. - General trends,
evaluated from many wind tunnel tests, are presen-—
ted which show the influence of changing LEX size,
shape of fuselage nose, slats, vertical tails
etc. - Concerning maximum attainable negative sta-—
tic margin one limit is set by the time to double
amplitude after a gust disturbance. Looking at
some typical existing and projected combat air-
craft the paper discusses the fact and the conse-
quences that the same Time To Double leads to dif-
ferent (attainable) static margins.

Symbols:
AR aspect ratio
Cl rolling moment coefficient, body axis
Cm pitching moment coefficient
Cn yawing moment coefficient, body axis
C = C . _dz C. esina:
anyn ap COSY ~ To 1g°sina; parameter
for prediction of spin resistance
C pitch recovery moment
"Rec
LEX leading edge extension
SM static margin; negative static stability
[% <]
sRef reference area
T2 time to double amplitude
o angle of attack
B sideslip angle
z rudder deflection
v vertical tail cant angle
ALE sweep of leading edge of wing
GH horizontal tail deflection

1. Introduction

Future combat aircraft will be designed with
some amount of longitudinal static instability to
fulfil the high performance requirements within the
whole flight regime. The negative static margin in
combination with new operational modes of the air-
craft (direct lift and sideforce, fuselage aiming
etc.) and the enlargement of the usable flight en-
velope into the high angle of attack regions lead

to extreme requirements for the control and stabi-
lization system of the aircraft. This again causes
high complexity, large actuator performance and
size and high costs of the control system. There-
fore 1t should be one aim of the configuration-
finding and optimization process to reduce the
necessary effort for this part by avoiding un-
desirable aerodynamic characteristics.

A careful refinement of the chosen configura-
tion using variation techniqgues in wind tunnel
tests improves the basic gualities of the aircraft
and gives the chance for a relative simple design
of the control system. The purpose of this paper is
to show some general trends evaluated from many
wind tunnel experiments with various configurations
and to give some hints how to achieve the desired
longitudinal and lateral characteristics.

2. Lateral/Directional Characteristics

Concerning the lateral and directional motion
the task of the optimization process for reducing
the control and stabilization effort is to provide
natural static yaw and roll stability up to high
angles of attack. Positive CnB and negative ClB

are the usual parameters which are of significant
importance for a good basic lateral behaviour.
Spin resistance is characterized by a positive

C which should be achieved throughout the
npRdyn

whole angle of attack range whereas the possibility
of controlled flight in this region is dependent

on sufficient effectiveness of the all movable
vertical tail or rudder. Another aspect worthwhile
to be looked at 1s the tendency for yaw or roll
departure at zero sideslip. - The following excerpt
of results from many low speed wind tunnel tests
with a variety of configurations points out some
general trends how to influence and improve the
parameters and aspects mentioned above.

Fig. 1 shows the difference between two typi-
cal twin and single vertical tail configurations in
yawing and rolling moment coefficients at 10 de-

grees sideslip angle and the corresponding Canyn_

plotted versus angle of attack. The twin vertical
tail with 25 degrees cant angle ilmproves the ba-
sic stability throughout the whole incidence range
without changing the qualitative characteristic of
the curves. In spite of this the rudder effective-
ness (Fig. 2) of the same configurations points
out the advantage of the single vertical tail
which produces a constant rudder effectiveness up
to high angles of attack. Even at low incidences
the twin verticals with twice the area give only
60 % more effectiveness and the degradation pro-
ceeds very rapidly with growing alpha. - Changing
the cant angle of a twin vertical tail configura-
tion can be a proper mean to influence lateral and
directional stability as shown in Fig. 3. There
seems to be a general trend that lateral character-
istics could be improved with growing cant angle;



but thgre is of course a limit especially for an
aft-tall configuration because of interference ef-
fects between horizontal and vertical tail. - An
example for the forward - and - aft movement of a
vertical tail and the typical influence on the
sideslip data is illustrated in Fig. 4. At low
angles of attack the rearward position provides
the expected advantages. At higher alpha ranges
the whole characteristic is changed and the fore-—
ward position produces better sideslip values in
the yaw as well as in the roll axis. - All the
examples discussed before, where vertical tail con-
figurations are varied, show that these changes in
the rear part of the airframe can mainly influence
the quantitative but not the qualitative character
of the curves.

) A much more powerful device to achieve signi-
ficant changes in the directional and lateral pa-
rameters especially at stall and poststall condi-
tions is the optimization of the forebody. This
includes all parts of the configuration in front
of the basic wing leading edge like strakes, ca-
nards, fuselage noses and air intakes. The inter-
ference effects of these components are so severe
that a proper or inproper arrangement or size can
lead to a very good or extremly bad C — beha-
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viour at higher angles of attack. Some of the most
interesting trends which of course need not be va—
1id for all imaginable configurations, are present-
ed in the following figures. — The influence of
variing the fuselage nose cross section from flat,
elliptic to round is shown in Fig. 5. Flatter

shark noses tend to produce strong restabilization
in yaw at higher alphas but at the same time there
occurs a remarkable loss in roll stability. There—
fore the resulting Cnsdyn—Parameter points out an

overall advantage for the round fuselage nose cross
section because the rolling moment coefficient due
to sideslip is the dominant part in prediction of
the spin tendency in post stall regions.

Adding a small strake to a fuselage nose with
a round cross section gives the chance to improve
the directional stability similar to the trend of
an elliptical nose without having the disadvantage
of losing stability in the roll axis. Fig. 6 shows
the effect of such a nose strake which improves all
sideslip parameters. Another advantage of using
this device 1s pointed out in Fig. 7; yaw departure
tendency at zero sideslip at higher angles of at-—
tack is remarkably diminished.

Fig. 8 presents the results of a variation
of LEX-size for a tailless configuration. It can
be seen that 1t is possible to find an optimum LEX
for good basic sideslip characteristics. The LEX-
off and 6 % LEX configurations lead to spin sus-

plclous Canyn—values at high incidences, whereas

the 4 % LEX seems to give favourable interference

and an overall positive C -Parameter. — A
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closed coupled canard should have an effect simi-
lar to a LEX., Used as a trim and pitch control de-
vice 1t normally has a relatively large area

(5 % to 10 % of the reference area); so in all
tests known to us a canard configuration shows the
typical effects of a too large LEX: At low angles
of attack a canard stabilizes whereas at high al-
phas it produces a strong destabilization. Another
effect of a canard is a strong nonlinearity in
rolling moment versus sideslip angle within the
critical angle-of-attack range. Fig. 9 shows this
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effect at a 350. Without canard the rolling mo-—
ment is an essentially linear and a stable function
of B. With 'canard on' there exists an extreme in-
stability within the range of B v + 6°. At higher

B the curve of lateral stability seems to show that
there might be some hysteresis effects, but unfor-
tunately the tests were not run in both directions
of B. These effects seem to be typical for close-
coupled canards. The leading-edge vortex of the
leeward wing is reinforced by the tip vortex of

the canard, while the leading-edge vortex of the
foregoing wing 1s not. Thus, this vortex breaks
down first resulting in a strong lateral instabili-
ty. This would also explain the restabilization at
higher side-slip angles. Both tip-vortices of the
canard would then not be rolled in. Long coupled
canards don't show this effect because the tip—
vortices of the canard are too far away from the
leading-edge vortices, so they can't be rolled in.

A possibility to improve this unfavourable be-
haviour of a canard configuration is shown in
Fig. 10 where a slat is added to the outboard
parts of the cranked wing. This device gives a
strong stable contribution in the roll axis and
leads to a much better C —curve compared to
npdyn

the basic configuration.

Summarizing the small excerpt of the wind
tunnel testing done at Dornier facility, it can
be said that a good basic lateral and directional
stability at medium and high angles of attack is
mainly a matter of forebody optimization. Even
the commonly assumed trend that increasing leading
edge sweep leads to worse sideslip characteristics
can be overwhelmed by a careful refinement of the
configuration in the area in front of the basic
wing leading edge. Fig. 11 and 12 give two examples
for an optimized aft—tail and tallless configura-
tion with different wing sweeps, inlet and LEX
arrangements.

3. Static longitudinal characteristics

The favourable pitch characteristics to be
aimed at in the very first design loops of an air-
craft with negative static margin, are summarized
in Fig. 13: A stable break after stall, pitch down
due to sideslip and an instability level which
doesn't exceed the design instability for trimmed
cases should be the topics for optimization work.
A certain amount of pitch-recovery-moment must be
provided at high angles of attack which sets the
limit for the usable longitudinal instability. A
reasonable number could be settled by a minimum
piteh down acceleration capability of about 0.3
rad/sec?. If pitch thrust vectoring is installed
the requirement for the aerodynamic pitch device
can probably be reduced to CmRec < 0 with full

flaps down and so the permittable negative static
margin could be enlarged. - Nonlinear high 1lift
capacity is often combined with pitch-up tenden-
cies at moderate angles of attack. Therefore the
design instability value, which is chosen for op-—
timal performance at lower and medium lift coeffi-
cients will be significantly increased at higher
angles of attack. Furthermore pitch-up characteri-
stics reduce the nose—down pitch control capacity.
All this may lead to the fact that approach and
flight phases near maximum 1lift become the lay-
out condition for the control system though the
requirements for actual maneuver design could be
lower. - The desired basic qualities can be



achieved by a series of configuration changes as
shown by windtunnel results of a variable model.

Fig. 14 gives a rough overview of pitching
moment behaviour of wings near and after stall
[1]. Dependent on aspect ratio and sweep two re-
gions can be identified where stable or unstable
break at maximum 1ift could be expected.

Fig. 15 shows the influence of LEX-size vari-
ation on the pitch recovery moment of a tailless
aircraft with 10 % design instability at low angles
of attack. Pitch-up tendencies due to the LEX-vor-
tex reduce the available recovery moment with in-
creasing LEX-size; so with a fixed requirement for
the pitch-down acceleration the maximum usable
instability is reduced., The same problem will
oceur with configurations with higher leading edge
sweep. If a certain instability level is wanted
because of trim drag advantages, one is forced to
reduce the LEX area down to negative LEX'es. A
not very obvious, but nevertheless big influence
on recovery moment and attainable negative static
margin has the choice of the proper vertical tail
configuration. Fig. 16 and 17 illustrate the loss
in pitch down capability when replacing the single
vertical by a twin tail. For the tailless as well
as for the aft tail configuration the flow break-
down at higher angles of attack produces a down-
load between the two vertical fins and therefore
a positive contribution to the pitching moment co-
efficient. Our wind tunnel experience shows that
the problem cannot be avoided by reducing the ver-
tical tail cant angle to zero.

Pitch due to sideslip at higher angles of
attack is also affected by the choice of LEX size
and vertical tail configuration as illustrated in

Fig. 18 and 19. A favourable negative CmB at stall

condition can probably lower the requirements for
the revocery moment and remove problems for the
lay~-out of the control system.

One of the most important factors for the de-—
sign of the control system is the steepness of
the Cm—a—slopes for trimmed flight conditions. If

somewhere in the whole angle of attack range the
trimmed Cma exceeds the design Cma for maneuver

this point might become the (undesired) lay-out
case for the flight control system. So the "opti-
mum" Cma—function versus angle of attack should

have a tendency to less instability at higher al-
phas. This would probably remove some of the pro-
blems at landing and take off flight phases as well
as at high-angle-of-attack maneuvering. Fig. 20
gives an impression of trimmed Cma versus angle of

attack looking at typical combat configurations.
Aft tail airplanes seem to come closest to the de-
sired cmu slope whereas higher swept wings and

especially canard configurations tend to have an
increased Cma—level at higher angles of attack.

4. Dynamic longitudinal characteristics

The necessary amount of control power for sta—
bilizing an unstable aircraft is not only related
to the chosen instability value, characterized by
the factor Cma/CLa’ but also to other configuration

depending values as moments of inertia, wing area,
mean aerodynamic chord and the pitch damping deri-
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vatives. All these parameters of the unstable
aircraft contribute to a 'Time to double Amplitude'’
after an angle-of-attack distortion caused for
example by a gust. If you want to stabilize this
system you need a certain amount of pitch accele-
ration in order to counteract the disturbance and
to provide good ride and handling qualities.

Fig. 21 shows a graph where the 'pitch accelera-
tion required' is plotted versus 'Time to Double
Amplitude'. Dependent on the 'Time delay' of the
whole control system including the budget from
sensor measurement to the production of pitch ac-
celeration, one gets a hyperbolic increase of
required control power with decreasing 'Time to
Double' (To). As for our experience the minimum
allowable Tp is reached when approaching six times
the 'Time Delay' of the whole system. A reasonable
number for the time delay, which represents the
state of art, seems to be around LO msec. There-
fore a 'Time to Double' of about 250 msec should
be the limit for maximum possible negative static
margin. Fig. 22 shows for a typical tailless com—
bat aircraft that the minimum T, will occur at high
subsonic speeds Just before the starting shift of
neutral point. Therefore the maximum allowable ne-—
gative static margin according to the minimum
possible 'Time to Double' will be defined in this
Mach number region. At low mach numbers the I is
remarkably larger. Because of the poor aerodynamic
effectiveness this will be the layout point for
the deflection rates if you don't use thrust vec-
toring devices.

To give a better feeling how the static mar-
gin and the 'Time to Double' differ for the various
configurations, Fig. 23 shows the values for some
existing and projected aircraft. It is remarkable
that the CCV-Starfighter with 20 % negative static
margin has a more uncritical 'Time to Double' than
the 12 % unstable F-16. Looking at the selection
of the four presented configurations it is evident
that the 250 msec—limit is a value which represents
the feasable state of arl. Going below this limit
will probably cause too severe problems in provid-—
ing good handling and ride qualities and lead
somewhere to 'time delay' limits of the whole
signal flow.

5. Coneclusions

Closing the design loop from desired negative
static margin for optimum trim drag via wind tun-
nel optimization for getting favourable basic si-
deslip and pitch characteristics to the limits of
instability given by the required recovery moment
and minimum allowable 'Time to Double', Fig. 24
and 25 show the possibility to find an 'optimum'
configuration that stays within the limits, ful-
fils most of the desired characteristics and last
but not least comes close to the point for mini-
mum trim drag.

The figures give an example for a tailless
configuration which meets both limits (CmRec and

T_) in the same point when adding a 4 % LEX and a
single vertical tail and therefore provides maxi-
mum attainable instability for good performance.
The lateral and directional stability seems to be
sufficient with positive CnB -values throughout
dyn
the whole angle of attack range, as illustrated
in Fig. 25 below (Minimum CnB v .2 [rad 1),
dyn



in spite of the fact that the LEX should be a
little smaller for optimum sideslip data. - In
addition the rudder effectiveness of the single
vertical tail gives a good yaw control especially
at higher angles of atback.

The proposed characteristics and limits, to
be aimed at in an optimization process within the
early design state, are a rough guide line which
should lead to useful results and a first step
towards the final configuration of a future combat
aircraft. Depending on the design goals, desired
angle of attack range, use of thrust control devi-
ces etc. the different (favourable) requirements
may be modified but in order to get a relative
simple control system and in order to lower the
costs of the whole aircraft one should always come
close to the characteristics discussed above.
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