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Abstract

This paper reviews the performance of modern agile
aircraft at very high incidence, near and beyond stall.
Includes discussions of the research and development
efforts devoted to the investigations of the numerous
flight dynamic and aerodynamic phenomena that are
accentuated as the angle of attack of the modern complex
configurations increases beyond stall. Necessary
conditions to sustain appreciable lift force at post stall
conditions for special maneuvers even far beyond stall
angle as demonstrated in the “Cobra Maneuver”, are
reviewed. A dynamic entrance into the post-stall region
of angles of attack has been numerically simulated.
Static acrodynamic characteristics and some dynamic
stability derivatives with respect to pitch and normal
acceleration, used in this paper for numerical simulation
of motion in the extended range of angle of attach (from
0° to 90°), have been elaborated coming from results of
wind tunnel experiments, numerical engineering
methods (including panel methods) and results published
by other authors. Aerodynamic hysteresis, associated lag
and dependence of stability derivatives on frequency of
oscillation were not included into analysis. Transient
responses of an aircraft were numerically computed for
different centres of mass position, tailplane control
function, canard deflection etc. Trim parameters were
found for steady flight at the below and post-stall
regions. These parameters were computed either from
the full nonlinear equations of the state of equilibrium or
from simplified, two different sets of linear equations.
All numerical results were obtained for a conceptual
design project of an aircraft, considered as a candidate
for subsonic, ground attack fighter.

Introduction

The paper discusses different aspects of the high angles
of attack (AoA) flight dynamics, mainly from the point
of view the relation between dynamics, control,
aerodynamics and aircraft configuration. It considers
pitching moment characteristics desired for a state of
equilibrium. Manoeuvring at supercritical AoA, so-
called super and  hyper-manoeuvrability, is
considered">*. The pitching moment curves for an
aircraft, which is (1) static stable, (2) neutral and (3)
static unstable, all of them with the same angle of
tailplane deflection are quite different. The static-stable
aircraft with the tailplane setting angle being fixed has
only one point of balance, whereas the static-unstable
aircraft has two different points of balance®*°. It means
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that to be the so-called super manocuvrable the aircraft
should be static-unstable at lower AoA and static-stable
at higher, post-critical AoA. It also means that the
characteristic curve of pitching moment C,, versus AcA
should be a non-linear one. A concentration of
characteristic curves C,, for the tailplane setting angle
¢: being varied at post-critical AoA (ie. very low
sensitivity of pitching moment with respect to the
tailplane setting angle) reflects the loss of effectiveness
of a horizontal tail at higher AocA. For super manoeuvre
aircraft the return back from the high AoA to the initial
flight condition should be possible independently of the
effectiveness of the tail control surfaces®. An increasing
of the initial measure of instability (for o = 0) above an
optimal one results in an increased AoA at which
equilibrium is possible, however this also means that the
equilibrium will be kept at the AoA, close to the critical
angle, and leads to the lack of pitching moment for
diving in the range of moderate AoA. It can result in the
stoppage of the aircraft at this range of AoA and an
impossibility to fly at high AoA at all. To fly safely at
high AoA without a complicated AFCS it is necessary to
have for the point of maximum pitching moment
coefficient C, , corresponding to the maximum
deflection of the tailplane for diving, a margin of
pitching moment coefficient, equal at least 0.05. At
higher AoA (a > 30°) vortices breaks-down and lifting
characteristics become worse™®*'*!!| The existence of
LEXes increases the requirements for the design of
horizontal tailplanes'>'?, This is because the downwash
field at moderate and high AoA is strongly unequal.
Above of the wing chord plane there is the maximum
downwash region. It is the result of a displacement of the
vortex from the LEX root - this vortex breaks-down
behind the wing. The maximum downwash corresponds
to its unpleasant influence on the AoA (i.e. with the
increasing of derivative 0e/do). Below the wing chord
plane the downwash field in the vicinity of the horizontal
tailplane is much more uniform. A tail ahead of the main

- wing either in Canard or three-wing configuration in a

subsonic range of speed takes the role of a LEX and
increases the lifting force coefficient at AoA. However, a
LEX is much more effective - with respect to the unit of
the flow-round surface - in the sense of the increase of
the lifting force coefficient', It is due to the sweep angle
of the leading edge and the strength of the shedding-
down vortices - the greater sweep angle of a LEX
generates  stronger vortices and a higher lifting force
coefficient'”. Therefore, the unbalanced maximum lifting
force coefficient for a conventional aircraft configuration
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with a LEX is a little bit higher than that of the Canard
configuration'®'»'*'*%  However, if the flight is in
equilibrium conditions, the Canard configuration is able
to deliver the higher lifting force and a sufficiently
efficient control surface for longitudinal control.
Moreover, because the span of canard is greater than that
of the LEX, therefore the vortices shedding-down from
the front wing increase the lifting characteristics of the
outer parts of the main wing and change the
characteristics of lateral stability for the better.

Many papers devoted to analysis, synthesis and
optimization of aircraft manoeuvres were published.
Lately even academic books contain chapters describing
classical and modern, post-stall manoeuvres®. Some
papers are devoted to both dynamics and aerodynamics
aspects of high angles of attack™?3?42%2621282  qtherg
are limited to pure aerodynamic considerations®®3!>%3%
3433363 because it seems that just the quality and
accuracy of aerodynamic characteristics decide about the
success of post-stall manoeuvre analysis. Another
important feature in the combat effectiveness of post-stall
manoeuvre is design layout of the aircraft®®***°. Two-
surface or three-surface configuration and an influence
of many design parameters on aircraft performances,
induced drag and various dynamic characteristics were
analysed in®.

All above-mentioned phenomena, known from
wind-tunnel and flight tests, are numerically simulated
in the present paper. A dynamic model of symmetrical
motion has been developed and investigated for various
aerodynamic, mass and geometry characteristics. Some
numerical results were obtained for conceptual project of
a ground-attack aircraft.

Flight Dynamics at High Angles of Attack

According to the new concept of air fighting,
manoeuvring should enable the aircraft to ,.catch” an
enemy aircraft in its sphere of successful shooting,
being itself out of the successful shooting sphere of the
enemy aircraft. It can be achieved due to extending the
range of angles of attack and sustained manoeuvring at
flight speed higher than that of the enemy aircraft.

Flying at high angles of attack may result in
some adverse effects, such as the wing-rock, tail-buffet,
nose-slice or spin departure phenomena. The
manoeuvies may be restricted by the inefficiency of the
available control surfaces, causing insufficient pitching
moment or inadequate roll response. Let us look at the
aerodynamics of high-alpha manoeuvres and start from
the steady flight under these conditions. The flow around
an aircraft is largely separated, unsteady and contains
one or more vortex systems, shedding from forebody and
leading, side and trailing edges. As the angle of attack
increases, these vortices can become asymmetric, even
though the angle of sideslip remainis zero. As alpha
increases even further, the vortices undergo breakdown'.
It starts somewhere in the wake and gradually moves
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forward towards the nose configuration. Vortex
breakdown may cause major effects on the aerodynamic
loads and render all acrodynamic characteristics highly
nonlinear.
To summarise flow phenomena, characteristic for
moderate and high angles of attack, we emphasise the
important features, different from that of known in the
small angles of attack:
¢ ad moderate angles: some flow asymmetries; small
time lags; moderate non-linearities; extended stability
derivatives (which are functions of flight variables
gﬁc}zgnclude cross-coupling), see Orlik-Riickemann
e ad high angles: moderate flow asymmetries:
significant time lags: large non-linearities (stability
derivatives do not have sense and a new
representation of dynamics is needed)™.

Super and hvper-manoeuvrability

At subsonic speeds the manoeuvring at supercritical
angles of attack can be realised in two different flight
conditions'”. These states of flight are referred to as:

- Super-manoeuvrability (SM) - if the aircraft can fly
at angles of attack of 60° - 70° with the ability for
control in all channels;

- Hyper-manoeuvrability (HM) - if the aircraft can flv
at angles of attack of 80° - 120° with the ability to
maintain stability in all channels. In this flight regime
the ability for conventional control is usually lost.

In this sense hyper-manoeuvrability (HM) can
be considered as the flight regime where the dynamic
entrance into supercritical angles of attack is possible. It
must be emphasised that SM mode does permit a
decrease in the space of steady turn in 2 - 2.5 times. An
SM regime can be achieved by some aircraft of the
fourth generation, i.e. by Su-27, MiG-29, F-15, F-16, F-
18. and an HM regime can be achieved by the Su-27.
Su-3 7Cand F-22.
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Fig.1. Qualitative characteristics of the pitching moment
Jor static stable, neutral and unstable aircraft’

Requirements for pitching moment characteristic

The necessary condition to fulfil either an SM or HM
regime of flight is the possibility to reach an angle of
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attack higher than 60°. For this aim the aircraft flying at
supercritical angles of attack (higher than 30°) should :

» have a state of equilibrium at high angles of attack

® possess a sufficient margin of pitching moment for

recovery into the level, steady flight®.

Fig.1 shows qualitative characteristics of the pitching
moment C, for an aircraft, which is (1) static stable, (2)
neutral and (3) static unstable, all of them with the same
angle of tailplane deflection. Curves at Fig.1,2 show the
fundamental difference between the balance of static-
stable and unstable aircraft. The static-stable aircraft
with the tail setting angle ¢, = const has only one point
of balance o4, whereas the static-unstable aircraft for
@, = const has two different points of balance o 4 . It
means that to realise either an SM or HM regime of
flight the aircraft should be static-unstable at lower
angles of attack and should be stable at higher, post-
critical angles of attack.
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Fig.2 Theoretical dependence of pitching moment
coefficient on deflection of horizontal tail (top) and
relations between the moment point of reference,
moment curve-slope and stability (bottom)

Presented in Fig3 are two typical forms of
pitching moments C, (&, @) for an aircraft of the
Canard configuration. The curves (from top to bottom)
correspond to the different margins of static,
longitudinal stability (from the unstable aircraft
(0 Cyy /6 CL= -0.05) to the stable one (§C, /6CL = 0.05)).

Calculation methods for the acrodynamic characteristics
of configurations at high angles of attack’™*

Zrodaz v

balance impossible

min 8¢ =.05

Fig.3 Forms of pitching moments for classical and
Canard configurations (adopted from?®)

The aerodynamics of complex configurations is
determined by the three-dimensional separated flows.

- The separated viscous layers roll up into vortex

structures that dominate the flow over the configuration.
It is the separated viscous layers that establish the rolled-
up vortices, but once these vortices are free, their
induced flow is approximately the same as that induced
by inviscid vortices. It is therefore possible to use
solutions of the inviscid equations as reasonable
approximation for the calculations of the aerodynamic
characteristics of the configuration up to high angles of
attack. This is the reason that reasonable results are
obtained, for certain aerodynamic coefficients at low and
moderate angles of attack, even with the panel methods.
At higher angles of attack the nonlinear panel methods
and numerical solutions of the Euler equations enable
reasonable results using relatively small computer
resources. The pancl methods enable very fast
computations so that it is possible to use them for
calculations of non-steady acrodynamic phenomena. The
correct calculation for the flow over complex
configurations at high angles of attack requires the
numerical solution of the Navier Stokes equations. Such
solution of the flows over a modem aircraft

“configuration requires very large computer resources.

Therefore, at present, most aerodynamic design is still
done using various panel codes. In the more advanced
design studies Euler solution codes are widely used™*.

Analysis of Cobra_manoeuvre’-#434

Three design characteristics are necessary the aircraft
could execute dynamic entrance into Cobra manoeuvre.
Firstly, a high nose-up pitch control; secondly, lateral
stability and control; and thirdly a robust pitch-down
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recovery. The trim requirements at supersonic speeds
usually result in an excess nose-up control power at
subsonic speeds. Also an increased negative static
margin at subsonic speeds and mechanism of vortex lift
enhance high nose-up pitch control. The pitch motion is
highly dynamic (with the acquired kinetic energy of
pitch) allowing the aircraft to overshoot its trim angle of
attack at post-stall region. The provision of high lateral
stability, especially at angles of attack about 30°, is
sometimes referred as a ,,black art™®, and the only way to
overcome this instability is to cross it in a reduced time
before passing into the fully separated flow at higher
angles of attack. The recovery from high angles of attack
to the classical flight mode in a few seconds only is
possible due to moving the centre of pressure on main
wing back and creating the strong nose-down
aerodynamic pitching moment about centre of gravity.
This nose-down pitching moment arrests the positive
pitch motion and starts recovery to previous flight
conditions. By the time the pre-manoeuvre flight is re-
established the full afterburner mode is necessary to
regain lost speed. For more details see®®.

Dynamic equations of motion

Dynamic, nonlinear equations of motion for aircraft of
three degrees of freedom have been written in the body
axis system. The origin of the axis svstem coincides with
the mean wing quarter-chord point, Ax, axis is directed
forward of the aircraft along the mean aerodynamic
chord, Az, axis is perpendicular to Ax, and is directed
downward. These equations have the form:

m(U + QW) —mz,Q +mx,0* = X(a,0,w)
—mgsmé, (1)

m(W+QU)+meQ+mch2 =Z(a,Q,w)
+mgcosd, (2)

JyQ+n1ch—n1xCUQ—mch—mchW=
M, (a,Q,W) + mgz, sin6 + mgx_cosb, (3)

where U, W are velocity components in the body frame
of reference, Q - angular velocity, © - pitch angle, M, -
pitching moment about the mean quarter-chord point (1/4
MAC point), x, z, - mass centre coordinates in the body
frame of reference, W - acceleration along Az axis.
Aerodynamic forces X,Z and pitching moment M,
depend on angle of attack o, pitch rate Q and acceleration
w.
Acrodvnamic characteristics

Classical stability derivatives widely used in flight
dynamics can not be applied here to compute forces and
moment. It is because that in extreme manoeuvres (as in
Cobra manoeuvre for example) all flight parameters

change rapidly and usually are highly distinct from that
of in the steady flight. There are two possibilities to
tackle this problem in order to obtain the time-dependent
aerodynamic forces - problem which is the key point in
numerical simulation of any extreme manoeuvre. One
possible way is to solve synchronously the fluid dynamic
equations (for example Navier-Stokes equations) using a
selected CFD code together with flight dynamic equations
of motion. However according to the author’s best
knowledge a practical utilisation of CFD in the most
general case of an arbitrary configuration, being in an
arbitrary motion is still impossible and beyond the power
of to-day computers. The other possible approach is to use
the time-depend forces and moments. known in the whole
range of angle of attack and being the functions of Mach
number, Reynolds number, pitch rate, reduced frequency
and normal acceleration. Such functions should be
measured in wind tunnel tests, so they are very costly to
obtain and need highly specialized laboratory
equipment™*.  An example of so-called ,reaction
surfaces” is presented by Riickemann®. Aerodynamic
data used in this paper for numerical simulation were
partially computed (in linear range), partially measured
in wind tunnel and partially estimated (interpolated or
extrapolated) on the base of results obtained by other
authors*>*®.  Coefficients and derivatives used in farther
analysis were defined as follows:

F,
C,=—x - normal force coefficient (Fy = -Z),
N q S
F, .
C,= - axial force coefficient (Fa = -X),
4 q S
Fy .
Cp= S - drag coefficient (where Fp =D =
9. .
Facosa +Fysina ),
C,= R -pitching moment coefficient,
qw ca
. _9C, . .
= - normal force derivative with respect to
545
14
pitch rate,
oC
C,= £ _ axial force derivative with respect to
. Aq q c
oLa
V
pitch rate,
—— aCm : - - - -
mg — P gc, - pitching moment derivative with
7

respect to pitch rate,
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aCy,
C _ N . . .
Ng = : - normal force derivative with respect to
5%
V
normal acceleration
oC, o
46 = - - normal force derivative with respect to
“ P ac,
V
normal acceleration
aC, - o
C == - pitching moment derivative with
2 ac,
I/’
respect to normal acceleration.
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Fig.4 Aerodynamic characteristics as the functions of
angle of attack in the range of -5° to 90°
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Fig.5 Normal force and pitching moment derivatives
(excluding contribution of canard and horizontal tail)
with respect to pitch rate and normal acceleration

Both the static and dynamic pitching moment data are

referred to a mass center located at 25 % of MAC. The
configuration under consideration appeared to be

I

{

statically unstable (neutral point of mancuverability was
located at 13 % of MAC). Important aerodynamic
characteristics are presented in Fig.4-6. Normal force
coefficients on all control surfaces (i.e. on main wing:
Cuw, on canard: Cyc and on horizontal tail: Cyy) reach
their maximums and keep it in the whole post-stall region
of local angles of attack. Axial force at high angle of
attack is much lower than the normal force and was even
neglected (at the first approximation) in the case of
canard and horizontal tail. However, if we look at lift and
drag coefficients (lift is not shown here), we could see
that lifting force decreases to zero and drag coefficient is
extremely high and keeps almost constant as angle of
attack goes to 90°. Normal force and pitching moment
strongly depend on pitch rate and normal acceleration.
Presented data show that the configuration has
stable values of damping both pitch and plunge (negative
values of Cyq and C,, ;) over most of the angle of attack

range. However, large reduction in damping occurs near
lift maximum (when o = 30°). Grafton* explains this
phenomenon, displayed also by other airplanes, as being
involved by the same mechanism as that producing stall
flutter.  This instability is related to hysteresis and
associated lag of the flow during oscillatory motion when
flow separation exists. Downwash field at moderate and
high angles of attack is strongly unequal, Fig.6. Above of
the wing chord plane there is usually the maximum
downwash region. It is the result of a displacement of the
vortices created on LEX’s and canard control surface.
These vortices break-down behind the wing and strongly
influence the downwash field. Fig.6 was obtained by use
of panel methods and does not include the effects
involved by LEX vortices. However, considered
configuration has the wing and tailplane almost at the
same plane, so downwash distribution approximated by
use of panel method and shown in Fig.6, can be regarded
as of sufficient accuracy. ’
Configuration being considered in this paper is shown in
Fig.7. It is one of many variants analysed and considered
for subsonic, ground-attack fighter. Aircraft was planned
to be equipped with a four-channel, digital FBW flight
control system. The agility, survivability and low-speed
manoeuvrability were required as the goals of primary
importance.

vV
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z 10° 20° 40° €
. Vi
0.50 \ S
A\ 8Tk
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X
0 A0° € \\
> "’J/\% -
0.25 I/ / %
e 4
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Fig.6 Downwash distribution in the vicinity of horizontal
tail as a function of angle of attack
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Fig.7 Plan view of an airéraft being analysed in this
paper. 4 - mean quarter-chord point (25 % of MAC); N -
neutral point of stability (13 % of MAC)

Analysis of maneuvers was preceded by solving the
equation of longitudinal equilibrium. These equations can
be obtained from dynamic equation of motion assuming
that all accelerations and angular velocities are equal to
zero. Knowing®* that the supermanoeuvre aircraft has to
be stable at the range of high angles of attack and
unstable at the range of small angles of attack one can
expect that at each, prescribed speed and for assumed
canard setting the aircraft has two distinct, steady flight
conditions (i.e. states of trim). They are:

o small angle of attack, unstable state of trim. Flying at
small angles of attack, especially at trim condition, is
very well known, however for most of the aircraft this
point of equilibrium is statically stable;

e high angle of attack, longitudinally stable state of
trim. Only a few aircraft can fly at the _sustained”
high angles of attack range, attaining the state of trim
(among them are Su-27, Su-37 and Mig-29).
Depending on flight condition, configuration, state of
atmospheric parameters etc., this post-stall angle of
trim is usually close to 60%. In fact, even for some
modern fighter aircraft the so-called sustained flight
is rather a theoretical possibility only, first of all
because flying at high angles of attack is
accompanied by strongly unstable lateral flow.
However, for some fighter aircraft it is possible to
find numerically two, different states of trim (for the
same speed and thrust values).

In this paper the following algebraic equations of

equilibrium were used (Fig.8):
Se
C,. 5 4+ Cy +C o~ —C, cos®=0,(4)
Se Sy
—C +Cp—Cysin®+C . —= + Cy—= =0, (5
S S
CLCkC +Cch Q+Cm,W+B - CLHkH =0, (6)
where
N N

F
C,= i ; Cp =—— are weight and thrust coefficients;
98 qS
B _Sexe o Syxy . 1 .
= 5 =g e canard volume or
© Sc, *"  Sc,

horizontal tail volume, respectively;

O= YV T & _pich angle;
Crwis - wing-body pitching moment coefficient,
q = 1/2 p V? - dynamic pressure.

To solve this equations the following parameters
have been used:
Xc=39m,xg=37m , m=4900kg
Su=3.3m’% S =33 m p=1.225kg/m’,
V =40+120 m/s; aw = 0.0548 1/deg; ac = 0.0487 1/deg;
ag = 0.047 1/deg ; 0 Cpow+p/d o0 = 0.00667.
Gradients aw, ac, ag, 0 Cnw«p/do. were used for the
range of small angles of attack - for higher angles of
attack the full, nonlinear aerodynamic functions have to
be used (Fig.4-6).

Sc=57m?,

Fig.8 Normal aerodynamic forces are reduced to the
mean quarter-chord points of the local lifting surfaces

State

of equilibrium - small angles of attack

Assume that angle of attack on main wing, canard and
horizontal tail is small, i.e. that aircraft operate in the
linear range of normal forces. In this case the
aerodynamic characteristics can be expressed as follows:

Ce=ac (o +3c); @
Cu=aga(l-0e/dn)+ 8 ®)
Cw=awa; 9

Cwsp= CW+B_,0 + OCwp/0a o . (10)

These assumptions allow to simplify equations (2-3) .

They take the form of linear equations:

AX=B, (1D
where
X)) =o , X(2)=08g, 12)
2R Se
A(1,1)=aW+aH(1- ) +ac R (13)
S
A(1,2)=ay, KK AQ2R2)=-ayx,;, 14
~
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oVl

cC V74
A2 1)= 7””0’7@—% (1—5—2)@“0 K., (15)

S
B(1) = CG—aC-SLd , (16)
B(2)= —Cm,W+B,O —CsXg—ac Ky 0. (17)

Assuming that we know speed, flight angle and setting
of canard surface we can use eq.(11-17) to find angle of
attack and horizontal tail deflection.

State of equilibrium - post-stall angles of attack

Assume that angle of attack is sufficiently high that
normal force coefficients on main wing and canard have
their maximum values. Because of verv strong
downwash there is still a chance to have moderate angle
of attack in the vicinity of horizontal stabilizer
(assuming that angle of attack on main wing is not
greater than 70° and that horizontal elevator is deflected
up, i.e. elevator trailing edge is moved up). So, lifting
force coefficient on horizontal elevator can be computed
using eq.(8). Eq.(4-6) were rewritten as follows:
S S

Cyeomax -§C-+CNW,M +a, (a—€+6H)TH—

Cs;cos ®=0 ,(18)
Crcmx Kz +Cg X5 cos©® +C, (@)~
ay (a-&+6,)k, =0. (19)

They also have the form of linear equations and can be
written in form of (11), where

SH
A(lLD)=ay, K A(1,2)=-cosO ; 20)

AQ2)~ay xy ; A(2,2)=%; cos® ;

S
B(1)=Che pa —SC— + Cr max Ty (@—£), Q1)

BQ2)=Cy.x,+C wip — Ay (@— &)k , (22)

m.

X(D=6, ; X2)=c, (23)

2G
V= . (24)
pSCs

Assume that we know the values of angle of attack, path
angle and setting of canard surface. Then we can use
€q.(11) with coefficients (20-22) to find the horizontal
tail deflection 3y, weight coefficient Cs, and then the
aircraft speed V from eq.(24).

Numerical results and recommendations

The trim conditions were found using the linear models,
(eq. 11-17 or 11,20-22) and the full nonlinear equations
(4-6), solved by use of the so-called hyper-tangent planes
algorithm. Obtained results are very close one to the

other. Important difference is that in order to find the
nonlinear solution one needs the starting point has to be
precisely estimated, otherwise the numerical process is
divergent. Execution time in both cases is very short.
Fig. 9-14 present angle of attack and tailplane deflection
at extended range of velocities (corresponding to the
below-stall and post-stall range of angles of attack) for
various design and flight parameters (XC - position (in
% of MAC) of mass centre along wing mean chord,
starting from its leading edge; deltac ¢ - canard
deflection; gamma - flight path angle). Curves of both
regions are displayed with a discontinuity, corresponding
to angle of attack equal to about 30° and speed range
from 30 to 40 m/s. Longitudinal trim conditions could be
found in this region also, however they do not have any
practical importance because of the beginning of flow
separation, unsteadness and lateral/directional
instability. Canard deflection (delta c) influences the
angle of attack in the below-stall range, see Fig.10, and
does not influence in the post-stall range. Moreover,
canard deflection influences the tailplane deflection in
the below-stall region only, see Fig.11, and does not
influence in the post-stall one.

Angle of attack and tailplane deflection depend very
strongly on the flight path angle in the post stall region
and practically do not depend in the below-stall region,
Fig.12-15. Trim angle of attack (alpha) and tailplane
(delta_h) in the whole extended range of flight speed are
given in Fig.14. Flight speed versus angle of attack for
various flight path angles are shown in Fig.15. Post-stall
trim conditions corresponding to these three various path
angles (y = 20°, 0, -20°) and various pitch angles (® =
50% , 40° 40°) are presented in Fig.16. Important
conclusion from analysis of the curves presented in
Fig.9-15 is that in the post-stall region the trim angle of
attack is, depending on various design parameters, equal
to about 70°. Because above the post-stall trim-angle-of-
attack  the pitching moment coefficient (Fig.1,2) is
negative and the pitching moment derivative with
respect to pitch rate (Fig.5) is also negative it means that
the positive pitch rate will be decelerated, then will
change sign and aircraft return back to its initial, below-
stall range of flight conditions.
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Fig.9 Deflection of horizontal tail versus speed in the
extended range of angles of attack
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Fig. 10 Angle of attack versus speed under trim condition
in the extended range of flight parameters
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versus speed
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Fig.12 Influence of flight path angle (gemma) on the
angle of attack versus speed under trim condition
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Fig.13 Influence of flight path angle (gammaj on the
angle of horizontal tail deflection versus speed under
trim condition
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ol (S

Fig. 16 Selected trim parameters depending on flight
path angle

Transient responses presented in Fig.18-21 were
computed numerically. Dynamic equations of motion (1-
3) were integrated under the assumption that tailplane
was deflected according a time function shown in Fig.17.
In the beginning the tailplane is deflected to a value
corresponding to state of equilibrium (Fig.17), after 3
seconds is rapidly moved up (about 5 degrees in negative
direction) what produces high pitch rate and creates rapid
nose-up manoeuvre. After next 2 seconds tailplane
deflection is increased up to -12° and then is quickly
reduced to initial, trim value. Additional deflection, also
in negative direction in the time interval between 7 and 8
seconds, is done to smooth the highly violent, transient
response of the aircraft. Here it should be emphasised that
transient responses are very senmsitive to the shape of

control function.
o
deita_h [deg]

[ QS e
D AU S
X X , time [s]
"12 T T T | T I T ‘i
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Fig.17 Elevator control function used for dynamic
entrance into the post-stall region of angles of attack

Fig 18 presents flight altitude after the rapid tailplane
deflection given in Fig.17. In a few time points there are
drawn the aircraft silhouettes showing its current attitude
(i.e. pitch angle). Flight altitude increases on about 150 m
in 6 seconds time after the beginning of the manoeuvre
and the pitch angle grows-up to 110° in 4 seconds time.
Speed shown in Fig.20 decreases very rapidly to about 30

m/s. It is because of the enormous rise in drag - aircraft
being almost perpendicular to its velocity vector - reaches
drag coefficient equal to 1.6 (see Fig.4). To be able to re-
establish the steady, level flight the full afterburner has to
be selected to regain lost speed.
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I B
0 3 6 9 12
Fig.18 Flight altitude (with corresponding aircraft
attitude) versus time after dynamic entrance into post-

stall region of angles of attack
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Fig.19 Transient dynamic response after a rapid
entrance into the post-stall region of angles of attack
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Fig.20 Decreasing of flight speed after dynamic entrance
into the post-stall region of angles of attack
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Fig.21 presents a comparison of transient angle of attack
obtained by the aircraft depending on the centre of
gravity position. Typical relations between the time to
obtain high angle of attack, stability margin and current
angle of attack are presented in” (see Fig.13 in%). Curves
shown here in Fig21 are even more rapidly-changing
comparing to these given by Samoylovith. However, the
common feature of both transient responses is the fact
that stable aircraft can not go into the post-stall region of
angles of attack. However, even a slightly unstable
aircraft is able to reach the post-stall region very quickly.

t
'

Center gravity position
40 — - - 7 % MAC
10 % MAC
13.7 % MAC

16 % MAC

/% S e e ==

0 3 6
Fig.21 Increasing of angle of attack after dynamic
entrance into the post-stall region for different position
of the center of gravity

Conclusions

The combat value of post-stall manoeuvring as an air-to-
air tactic remain a matter of controversy. According to
Samoylovith Cobra manoeuvre is very impressive and
can attract spectators at the air shows, but does not have
any tactical significance. However, the somersault
manoeuvre’ is regarded as that of great combat
importance in dog-fight. Lesson learned from the present
investigations are as follows:

o aerodynamic characteristics necessary to perform
numerical simulations in the post-stall region should
be given in extended range of angle of attach (from
0°to 90°);

¢ ftransient responses of an aircraft are very sensitive to
the centre of mass position and tailplane control
function;

¢ trim parameters should be found before the dynamic
equation of motion are numerically integrated. These
parameters could be found either from the full
nonlinear equations of the state of equilibrium or
from simplified, two different sets of linnear
equations; ;

e trim parameters in the below-stall and post-stall
regions are continuos with respect to speed and angle

of attack. however the solution in the transient range
(about 30°) does not have any practical meaning.
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