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Unsteady aerodynamic models based on windtunnel
forced oscillation test data and analyzed with a fuzzy logic
algorithm are incorporated into an F-16 XL flight simulation
code. The reduced frequency needed in the unsteady models
is numerically calculated by using a limited prior time history
of state variables in a least-square sense. Numerical examples
are presented to show the accuracy of the calculated reduced
frequency. Oscillatory control inputs are employed to
demonstrate the differences in the flight characteristics based
on unsteady and quasi-steady aerodynamic models.
Application of the unsteady acrodynamic models is also
presented and the results are compared with one set of F-
16XL longitudinal maneuver flight data. It is shown that the
main differences in dynamic response are in the lateral-
directional characteristics, with the quasi-steady model being
more stable than the flight vehicle, while the unsteady model
being more unstable. Similar conclusions can also be made in
a simulated rapid sideslipping roll. To improve unsteady
aerodynamic modeling, it is recommended to acquire test data
with coupled motions in pitch, roll and yaw.

Nomenclature
g gravitational acceleration
H altitude
I..I,,I, - moments of inertia about the x-, y- and z-axes,
respectively
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product of inertia
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aerodynamic and thrust moments about
the x-, y- and z-axes, respectively

aircraft weight

body-axis roll rate, pitch rate and yaw
rate, respectively

aircraft velocity components along the x-,
y-, and z-axes, respectively

total velocity

Fx acx0> Fy _£70Y FZ 2LY0Y TX’ Tyv TZ

aerodynamic forces and thrust along the
X-, y- and z-axes, respectively

angle of attack

angle of sideslip

control deflections in pitch, roll and yaw,
respectively

throttle position

Euler angles in roll, pitch, and yaw,
respectively

reduced frequency

span length

mean acrodynamic chord

directional cosines

Introduction

Aircraft dynamic characteristics have mostly been
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studicd with a quasi-stcady acrodynamic modcl in the past.
In a quasi-stcady modcl, the dynamic cffects on
aerodynamic cocfTicients are assumed to be lincarly
proportional to the angular rates and time rates of change
of variables with the coefficients being typically measured
at a fixed frequency. That is, the lag cffect exhibited by the
varying reduced frequency along a mancuvering flight path,
and the corresponding dynamic stall effect are not properly
accounted for. The present investigation on the unsteady
aerodynamic effect is undertaken in view of the fact that the
lag and dynamic stall effects may play an important role in
aircraft stability characteristics and performance’ ? in some
flight conditions.

To determine the unsteady aerodynamic effects,
harmonic forced oscillation tests were conducted.>* These
test data were then analyzed to establish the acrodynamic
models for use in the flight simulation. In the process of
application, the most uncertain quantity to be determined is
the reduced frequency. It is straightforward to calculate the
reduced frequency of harmonic oscillation motion used in
the test. However, the actual aircraft motion cannot be
described by one single harmonic oscillation, and the
reduced frequency of the actual motion will not be constant.
One way to determine the reduced frequency of aircraft
motion is an analytical method which assumes the mean
angle of attack and the amplitude being the same as those
used in the harmonic oscillation tests." If the forced
oscillation tests were performed at a constant mean angle of
attack and amplitude, the analytical method should produce
reasonable values of the “equivalent” reduced frequency.
On the other hand, when the wind tunnel data are obtained
at different mean angles of attack and amplitudes, this
analytical method would not be applicable. One way to
determine the equivalent reduced frequency is a numerical
one.

In the present paper, we will demonstrate one
numerical method to determine the reduced frequency for
use in flight simulation. The method is then employed,
together with the fuzzy-logic aerodynamic models
established previously®, in an F-16XL simulation code to
investigate the unsteady aerodynamic effects on flight
dynamics.

Aircraft Dynamic Model

The flight simulation is implemented by the
following 6-degree-of-frcedom model:

us=rv-qw+a,,
\}=pw-ru+ay_b
w=qu-pv+a,'b

p=HxAH+HyAl2+H1A13 1
g=H, A21+Hy Azz*’H: Ay

F=H, A31+Hy A32+Hz Ay

where

a,, =g(a +Cy)
a,,= g(ay +Cp)
a,,=8(-a,+Cy)
a:= (Tx+Fx‘am)/W
a,= (Ty+Fy.mo)/W

a,=- (T1+Fz,acm)/W

H=pl -ql -1,

H,= ~pl+ql vl
Hy=-pl -ql +rl,

H =rH -qH +F ,+T,
Hy=pH,—er+Fm_m+ T,

H,=er—qHy+Fn‘m+Tn

¢=tan"' (Cpy / Cy3)
6 =-sin"'(C3)
w =tan"(C,, / C}))

Ay = (1),1,—1’,”)/1)
Ay =Ay=Ud +11)/D
Ay =], -1 )ID
Ap=Ay=UJ +1]1 /D
Ay=dJ-1° )/D
Ay =Ay=U ], +1] )D
D=1J] -1 -1 -117 -2 @1

The flight statc variables (u,v,w, p.q.r) arc
calculated by integrating these dynamic equations. The
following auxtliary cquations arc then uscd to obtain the
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angle of attack and sideslip angle and their time rates :

o =tan” ! (w/n)

& = (- wa) /(u v w?)

B =sin"'(v/V) (2)
B =(W-vIN/(VcosP)

V=yulsv2en?

Aerodynamic Models

Quasi-steady model

For quasi-steady aerodynamics, the terms F, ., ,
Fy ser0s Fzaao+ Flaeo » Finaero » Framo 0 the aircraft dynamic
model are functions of flight state variables and control
surface deflection angles, i.e.,

Fx, Y1l m,n,alro:h (aa ﬁ, b qr, Vr H, 6) (3)

where & stands for the control deflection angle. When the
flight state is known, it is straightforward to obtain the
corresponding aerodynamic forces and moments through
interpolation. The acrodynamic effects caused by the time
rate of angle of attack are not included in the present quasi-
steady aerodynamic model for the F-16XL.

Unsteady aerodynamic model

The longitudinal and lateral-directional unsteady
aerodynamic models were established based on the results
of large-amplitude pitch, roll and yaw forced oscillation
tests, and a limited amount of rotary balance data.>* The
tests were conducted in separate pitch, roll and yaw
motions. These models were set up to have the following
functional forms:

Longitudinal unsteady aerodynamics model:
Cromnty= f(a,a,ak,B.38,) @

Lateral-directional unsteady acrodynamics model:
CL.D.mnt v - g(a,¢,¢,k2,w,y}) %)
where the subscripts L, 1, m, n, I, vy stand for lift, drag,

pitching. vawing and rolling moments, and side force,
respectively. The reduced frequency k, is computed from

o(1) and q(1), representing the longitudinal unstcady
motion characteristics. On the other hand, the reduced
frequency k; is calculated from the lateral-directional
unsteady motion, mainly from the rolling motion if it is
present. Notc that there are no unsteady acrodynamic data
available with the lateral-directional control surfaces
deflected. Only the elevator effect is included in the
longitudinal model.

In flight simulation, the motion variables o, @, i
and their time rates are calculated at every time instant.
The calculation of reduced frequency k; is discussed in the
next section. For the lateral-directional case, two reduced

frequencies can be obtained separately from ¢, ¢, and ¥,

w . In most cases, k, will be calculated from ¢ and ¢
unless there is no aileron input. In this latter case, i and
v will be used to obtain k,. This approach is based on the
fact that the lateral-directional motion variables tend to
have similar time histories.

In addition to the aforementioned unsteady
acrodynamic models, the existing static aerodynamic model
in the simulation code is used to provide the basic
aerodynamic properties. The unsteady aerodynamic effects
are added to the basic static aerodynamics according to the
following expressions:

Longitudinal unsteady acrodynamic increments:
AC, nsteagn =ACLpmnsy = fla,a,a.k,B,8,)

- fla,a=0,a=0,k =0,8,6,) ©
Lateral-directional unsteady aerodynamic
increments:
ACunsteaa)zZ—‘: ACL.D.m,n,l.y=g(a,¢,¢,k2,W,W) (7)

-8(a,$,6=0,k; =0,y,y7 = 0)
Generally, ¢ and v are replaced by p and r, respectively.

Therefore, the total aerodynamic coefficients at every time
instant are expressed by:

CL,D,m,n,l,y = C:lanc +AaC

“unsteadyl + ACun.rteadyZ (8)

For the purpose of stability analysis, the
derivatives of aerodynamic cocfTicients with respect to the
angle of attack ctc. can also be derived from the above
equations. In addition to the numerical central difference
method and splinc interpolation 1o obtain these derivatives,
the small-amplitude harmonic oscillatory method® will be
uscd and compared.
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Equivalent Reduced Frequency

In the present unsteady acrodynamic models,
different types of forced oscillation test results (different
mean angles of attack and different amplitudes) are used as
source data to train the fuzzy logic modecls. This was done
in the testing to accommodate a wider range of reduced
frequency without exceeding the loading capability of the
measuring balance. As stated previously, the angle of attack

o, and the time rate of angle of attack & are part of the

input parameters to calculate the unsteady aerodynamic
cocfficients in the longitudinal fuzzy logic model. The time
history of these variables is fitted with one of a harmonic
motion at that instant, i.c.,

a(t)y=a +acos(wt +¢)

. . — ®
a(t) = —aosin(of + ¢)

where those terms on the left hand side are given and the
unknowns are a , the local mean angle of attack, "a", the

local amplitude of the harmonic motion, ¢, the phase lag,

and w, the angular frequency. The reduced frequency k,
and k, are defined as

ky=aC/V,k,=abl/2V (10)
The frequency W and other parameters are calculated
through an optimization method by minimizing the
following cost function (least squares)
J = i: [a, - (@ + acos(wt, + dN]* +
! (11)

i: [¢;, - (-awsin(wt, + $)]?
il

where n is the number of data points used, and is assumed
to be 20 (equivalent to 0.7 sec) in the present application.
Those twenty points preceding the current time are
employed in the above equation. The least-square method is
found to converge well and gives reasonably accurate
results. The lateral-directional equivalent reduced
frequency is computed in the same manner,

Numerical Results and Discussion

Equivalent Reduced Frequency and Pitch Damping,

Assume the number of points in the motion history
preceding the current instant is n. If n > 20, it is set to 20.
However, if n < 20, then only those available points are
used to determine the unknowns. As is well known, the
initial values assumed will significantly affect the
convergence of numerical optimization. Therefore, the
initial values of the unknowns for the current time segment
are always taken to be the results from the previous
segment. At the beginning, the initial values of mean o
(a ) and amplitude (@) are assumed to be 35.0 deg. (the
value used in the windtunnel testing), and the difference
between the actual & and the assumed mean a,
respectively. The initial values of angular frequency and
phase angle are 1.0 and T, respectively.

Figure 1 presents the comparison between the
assumed harmonic motion with W = 7/2 and the predicted
results. Except a small deviation when n < 20, the present
method is shown to predict accurate results. The method
has also been tested for various other assumed harmonic
motions with similar good results (not shown).

The convergence of the present algorithm is fast.
For an a(t) response with 150 points, it took only one
second of the CPU time to calculate the reduced frequency
at all 150 points on an Alpha VAX machine.

The variation of longitudinal dynamic derivatives
with the angle of attack based on the concept of small
amplitude harmonic oscillation is presented in Figure 2.
These dynamic derivatives are calculated by integrating the
out-of-phase acrodynamic coefficients obtained from the
fuzzy logic model. The amplitude is assumed to be 5
degrees and two different reduced frequencies are presented
in the calculation. The pitching moment is referenced to a
pitch center at 0.558 ¢ . The results show that predicted
pitch damping derivatives are mostly positive because of
the aft pitch center location. Their sign agrees with the
hysteresis direction in that a clockwise loop produces a
positive value for the damping derivatives. Their
magnitude is decreased with increasing reduced frequency,
having the same trend of variation with that calculated by
the indicial integration method.’ This exercise
demonstrates the generality and usefulness of fuzzy logic
models as steady and unsteady acrodynamic data base.

Dynamic Responsc to Oscillatory Input

The acrodynamic moment reference point of the
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F-16XL simulation code is at x,,,, =0.45¢, being different
from the ones uscd in the longitudinal and lateral-
directional wind tunnecl tests. Therefore, the pitching
moment and yawing moment cocfficients obtained from the
fuzzy logic models must first be transferred before being
incorporated into the simulation code by using the
following expressions:;

Com G moda* CLmy™ Xlong) a2)
Cn: Cn model M Cy (xn'm)_ xlat)

Note that x,,,, = 0.558Z and x,, = 0.46 <.

To see the differences in the dynamic response
with unsteady and quasi-steady acrodynamic models, the
following oscillatory elevator input by the pilot is assumed:

O par= 15.0+25.0 sin(27/8 1), in deg.

The resulting dynamic response is presented in Figure 3.
The lateral-directional state variables, such as the sideslip
angle, roll rate and yaw rate etc., are zero. Two methods in
calculating the dynamic derivatives with the unsteady
aerodynamic model are presented: one with the small
amplitude oscillation method mentioned earlier and the
other based on a central difference method. For the latter,
the following equation is used:

Crg = [f(@, A, Gk, B.8) - fla,—A,d,k,, B,8)]/ (2A) (13)
A=cA/(2V)
where A= q + & if the sum is greater than 5 deg./sec.,

otherwise, A = 5 deg./sec. For the lateral-directional
derivatives, the following expression is used:

Ctp :[g(av¢rp+Ap'k2'w’r)_g(a’¢rp_Aprk2yw’r)]/(2Aﬁ)(l4)

where Ap=3 deg /sec. and AP =bAp/(2V). The yaw
damping derivative is calculated in a similar manner. Note
that pitching derivatives are calculated differently to avoid
the effect of static data when the dynamic data are not
symmetrical about the static data. The calculated results
indicate that the derivatives by the small amplitude method
vary in a more orderly manner as compared with the
central difference method; but the order of magnitude is
comparable. One rcason for this is that in the small
amplitude method. the results depend only on o and k:
while the central difference mcthod depends on & as well

in addition to o and k. Onc important difference between
the unsteady model and the quasi-stcady model is that the
latter features less pitch damping at low o and higher
damping (i.c., values being more negative) at high o, being
opposite to what the unsteady model indicates. The lift due
to pitching is in general much smaller with the quasi-stecady
model. Note that during the simulation, the existing control
system is still operational. The resulting angle of attack
time history is secn 1o be the same for both the quasi-steady
and unsteady models. This is achieved by the control
system with different final elevator deflection angles to
compensate for the differences in dynamic characteristics.
Later, a test case will be shown that this is not the case in
other unsteady flight conditions where the control system
designed with the quasi-steady data becomes inadequate. In
the following, all stability derivatives will be calculated
with the central difference method.

Comparison with Flight Test Data

The longitudinal dynamic response is first
calculated with the quasi-steady acrodynamic model, the
pilot longitudinal control (5@0‘) being the only input, in
addition to the contributions from flight control systems.
The net control deflections are plotted as 8., §,, and 8,. The
initial flight state variables are found to be the same as the
initial flight data with a center of gravity location at
X,=0.45923 ¢ . Figure 4 shows the simulation results in
comparison with flight data. Although the longitudinal
responses (¢, O and q) follow the trend of flight data well,
there are time periods in which the predicted & is much
lower than the data. These are also the time periods with
lower magnitude in pitch damping,. The lateral-directional
motions are not excited at all, although there are some
initial inputs from the control system. The aforementioned
longitudinal responses are repeated with the unsteady
aerodynamic models as shown in Figure 5. Assuming that
the control system in the simulation code models accurately
the one in the flight vehicle, the discrepancy in the
responses must be caused by the static aerodynamic data
which are also used in the unsteady models. The biggest
differences between these two acrodynamic models occur in
the lateral-directional responses. However, the excited
lateral-directional motions with the unsteady models appear
to be more unstable than what the flight data show, in
particular in roll and sideslip.

Sideslipping Roll

To help explain the acrodynamic causes of some
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loss-of-control flight conditions, such as the USAir Flight
427 accident in 1994°, the initial flight sccnarios with a
hard-over rudder malfunction will be postulated with the
present F-16XL model. The present configuration is
trimmed at M=0.1718 and 6000 ft. of altitude. With the
longitudinal stick fixed at the trim position, the latcral-
directional control systems are disconnected; but the
longitudinal system is left on. In the initial 1.5 seconds, a
left bank is created by applying aileron and at the same
time the rudder is set at a nose-lefi 20 deg.. After 1.5
seconds, right aileron is applied to try to make the wing,
level. These are the scenarios indicated in Ref. 6. The
results of simulation are presented in Figure 6. It is seen
that with the quasi-steady acrodynamic model, a positive
sideslip up to 12 deg. can be quickly generated while the
angle of attack is increased to 36 deg. by the control system
to counteract perhaps the increasing negative pitch attitude.
Because of the positive sideslip, the resulting rolling
moment overpowers the right aileron and the configuration
keeps rolling to the left. Therefore, rapid sideslipping roll
may generate loss-of-control flight conditions.

If the unsteady aerodynamic models are used in
the simulation, the situation gets worse, with the aircraft
responses in & and [} being divergent within five seconds.
Typically, unsteady acrodynamics will make an unstable or
marginally stable configuration with quasi-steady
aerodynamic models more unstable. In the present case, the
main reasons for the divergence are C,, being positive and
C.p being negative as shown in Figure 7. Based on the
present simulation, even maintaining a small rudder
deflection will make the model highly unstable (not
shown). Whether these highly unstable conditions with the
unsteady aerodynamic models exist can only be verified
with more appropriate test data. These needed data should
be those obtained with coupled motions in pitch, roll and
yaw. From a theoretical point of view, this is because the
lateral-directional aerodynamics, such as roll and yaw
damping, depend on wing boundary layer characteristics
and the associated wake, which in turn strongly depend on
the angle of attack and its time rate of change. Another
implication is that these appropriate unsteady aerodynamic
data may be needed in control system design.

Concluding Remarks

Longitudinal and latcral-dircctional unstcady
acrodynamic models obtained in separate wind tunnel
lesting were incorporated into an F-16XL simulation code
which was based on a conventional quasi-stcady

acrodynamic model. The resulting code was employed to
investigate the differences in flight characteristics with
these two types of acrodynamic models. For the unstcady
model, the reduced frequency needed in the model was
calculated with a lcast-squarc method to fit a harmonic
variation to prior time history of state variables over about
0.7 second. Mecthods to extract dynamic derivatives while
performing time integration of dynamic equations were
developed based on the concept of central differences and
small-amplitude harmonic oscillation. These two methods
showed similar results which were significantly different
from the original quasi-steady data. Flight data in a
longitudinal maneuver were compared with the simulation
results. The main differences in dynamic response based on
these two types of aerodynamic models were the lateral-
directional responses induced by the longitudinal motion.
For the quasi-steady model, the lateral-directional motion
was not excited, as compared with the flight data. On the
other hand, the unsteady model produced a more unstable
motion than what the flight data indicated. In a simulated
sideslipping roll, again the configuration was shown to be
more directionally unstable with an unsteady model. To
improve the unsteady acrodynamic modeling, test data with
coupled motions in pitch, roll and yaw would be needed.

Acknowledgment

This research was supported by NASA Grant
NAG-1-1821 for the first two authors.

References

'Hu, C. C, Lan, C. E. and Brandon J. M. “Unsteady
Aerodynamic Models for Maneuvering Aircraft”, AIAA
Paper 93-3626CP, August, 1993.

? Rotary-Balance Testing for Aircraft Dynamics, AGARD
Advisory Report, No. 265, 1991

*Wang, Z., Lan, C.E. and Brandon, J. M.”Fuzzy Logic
Modeling of Nonlinear Unsteady Aerodynamics”, AIAA
98-4351, August, 1998.

‘Wang, Z., Lan, C.E. and Brandon, J. M.”Fuzzy Logic
Modeling of Lateral-Directional Unsteady Acrodynamics™.
AlAA 99-4012, August, 1999,

*Lin, G., Songster, T. and Lan C. E. “Effect of High-alpha
Unsteady Acrodynamics on Longitudinal Dynamics of an
F-18 Configuration” AIAA 95-3488, August, 1995,
“Dornheim, M. A. “737 Simulation Recreates Accident
Sequence”™ Aviation Week and Space Technology. March
22,1999, p. 42

Amcrican Institute of Acronautics and Astronautics



& (deg/s)
o

w (rad/s)
N

El Ll ] J Lol 1l l Ll 1 g l L2l I 1411 I
0 1 2 3 4 5
time(sec)

3

3

:l Ll L ‘ Ll L l Ll 1 i l Ll 1 1 I Ll L1 l

0 1 2 3 4 5
time(sec)

... assumed motion

E - prediction

:I | I Ll 3 ) 1 Ll I | . l L1 1 J

0 1 2 3 4 5
time(sec)

Lol L ! 1 ! 1 ! ]
0 1 2 3 4 5

time(sec)

& (deg/s)

$(deg)

<]IHI|IIAIITTIIIH-I]

I””lll”

LA

llllllllllll!llllllJJJll

o

1 2 3 4

time(sec)

5

]IIIIIIIIIIIUI[I'III

TTTT

llllJlllIIll(lilllllllll

o
o

1 2 3 4

time(sec)

5

IIIII[lIII |ITIITIIFIITTT]

LALRAL

_6 lllllIIlllllllll(lllllll]

(o]

1 2 3 4

time(sec)

Figure 1 Comparison between
predicted results and assumed
motion:

a=35+20"cos(p/2*t)

Amencan Institute of Acronautics and Astronautics

5



-—
8
|

-

N

S 05 |

O -
_0.5 :Illllllllllll!lllllJlllllllJLllll]J
0 10 20 30 40 50 60 70

o (degq)

_0'5 llllllllllllllllllIllllllllllllllll
0 10 20 30 40 50 60 70
a (deg)
0.25
02 F
2 015 F
© -
[ -
i 0.1E
0.05
O :lllllll]llllllllllllljlllllIlll}ll]
0 10 20 30 40 50 60 70
o (deg)
025
: N
02 |
g 0.15 |
0 o
S o1 |-
0.05 [
O Villlj ‘Jkl']‘ll'[ le ‘l: l'lJ

0 10 20 30 40 50 60 70
o (deg)

Cmg*Cma

30 ¢

o5 :_ k=0.0535

20 | o %

15 _ . ‘: « T, i’

10F oo 07 .

5 i_o ° k=0.107 S

oE*

_5 :llllllJJ]JJIIll]lllllI)!ll]lllllll'
0 10 20 30 40 50 60 70

a(deg)

4 -

g b KE00835
s ° °

2 :_ o . o ® o e ©

1E el .
E o k=0.107 ¢

O oo

_1 ::lJ.lijllll|llllll|]llIlllilllljjlll‘
0 10 20 30 40 50 60 70

a(deg)

Figure 2 Static aerodynamics

and calculated dynamic derivatives
based on samll amplitude harmonic
oscillation(amplitude: a=5 deq)

American Institute of Acronautics and Astronautics



40 02
30 E ... quasi-steady -
- — unsteady 0.15 |-
S 20 |- -
3 . x 0.1
B 10 F
ok - 0.05
_10 :l]llllllllllll]lllllllllllllll 0 Ulllll]llillllllllllIlllllllJ
0 5 10 15 20 25 30 ¢ &5 10 15 20 25 30
time(sec) time(sec)
25 ¢ 0.5 -
20 f_ central-difference s central-difference
- 0
= 3
3 15 - (_)E :
? 10 7?05 F
o o =
- - & .,
O 5 _:_ o 1 : ............................
0 F ... quasi-steady - -+« quasi-steady
_5 :llllIllIjlllll‘llllllllllllllJ _15 -IIlllllllll|IJlllIl]!llllllllJ
0 5 10 15 20 25 30 0 5 10 15 20 25 30
time(sec) time(sec)
25 0.5

small-amplitude

IIIII

small-amplitude

Cmg*Cma
o

()] ()
g

-1 :_
_5 11111111['IllJIllllllllIlJlll] _15 :1111‘||111x1||111111111|]x111|
0 5 10 15 20 25 30 0 5 10 15 20 25 30
time(sec) time(sec)
20
[ -+ - quasi-steady
e [ — unsteady
5% —~ 10 |-
o o) L
— [} .
k<] Z i
5 <o
_20:’;lliil'llll‘l]'ll]lllljll'{} _10 EA‘lliinkll!llllllli"‘l[‘l'l!
0 5 10 15 20 25 30 0 5 10 15 20 25 30
time(sec) time(sec)

Figure 3 Simulation results with unsteady aerodynamic model and quasi-steady
aerodynamic model(pilot elevator input only). xcg=0.45923¢
9

American Institute of Acronautics and Astronautics



a(deg)

p(deg/s)

r(deg/s)

¢(deg)

40 — ——flight test data
- - - simulation data

30 |-

20 —{\

0 B

0F i

_10 CJllll]l]lllll!IllIllllllllllllxlllllllllllll'
0 5 10 15 20 25 30 35 40 45

time(sec)

_15 IllllllllLJLllllllllllllllljlllll)llll]llll]

0 5 10 15 20 25 30 35 40 45
time(sec)

4
s

2 |

0 F

-2 :_

_4 :llllllllllllllllllI|JJJI|11lIllJl]lllllllllll

0 5 10 15 20 25 30 35 40 45

time(sec)
10
5 F
0 Y, 3 | O
-5
o
_10 ’Lllllililllllli)lllllllHlllHJlJHlIHH}

0 &5 10 15 20 25 30 35 40 45

time(sec)

B(deg)

TTTIIIIIIIV]}"LI(!F]»
g‘
L J
3
%

q(deg/s)

—
-
[e]
[ =
X
—

w
|

_5 IlIl|llll]llljlllll!l1llllilllllJLlllJ,\llllll

0 5 10 15 20 25 30 35 40 45

time(sec)

llllllllllll| Illljllllllllll

_30 Jlllllllil!lllllllll|lllllllll[l]1]1]lll]
5 10 15 20 25 30 35 40 45

time(sec)

o

JlllllllHlllllllllllllIllll!llllllllllll
0 5 10 15 20 25 30 35 40 45

time(sec)

240
220
200
180
160
140

120

100 . 11]1111]11 Alxuul A‘Juuluul;}’hluw'}
0 5 10 15 20 25 30 35 40 45

time(sec)

Figure 4 Comparison between flight test data and simulation data with
quasi-steady aerodynamics at M=0.4243, H=14931.03ft and xcg=0.45923¢

American Institute of Acronautics and Astronautics



17000

16500
16000 -
S T
$15500 |
15000 f=
14500
14000 :llllllllllllllII!Il]IXIIIlIl]l]lIlllIIll[llll
0 5 10 15 20 25 30 35 40 45
time(sec)
40
30 F
20 £
g 10 F
he) E
3 OF
-10 F
-20 E
_30 :lllllllllllIlll]llllllllllllllll!l]lillllllll
0 5 10 15 20 25 30 35 40 45
time(sec)
10 -
5 - o~ -
- s it ?_.-'-'i S, e
o : “ ....‘ .I
0 — “
__5 hlLJlllllllllll|l|llllllllllllllllJllllllllHJ

0 5 10 15 20 25 30 35 40 45

time(sec)

% pilot(deg)

_40 Ll !1[1llHillLlllt’l"]‘Jl‘lHi" i 1 Ll }
0 5 10 15 20 25 30 35 40 45

time(sec)

T
0.5 |-
T 0f¢ -
L
05 |
_1 : Jlllllllll|lJJllllll|1IlI]JJJl]lllllllll]
0 5 10 15 20 25 30 35 40 45
time(sec)
_1 :LllllllllllIllllll]llllll!llllllllllllllll]
0 5 10 15 20 25 30 35 40 45
time(sec)
0
05 i
o i ;
E v V4o LS
O _V\.- AT o o,
-1
_15 '-Hlelllllllll[Illllllllllll!lll!lllllllllli]

0 5 10 15 20 25 30 35 40 45

time(sec)

Figure 4 Concluded

Amcrican Institute of Acronautics and Astronautics



— flight test data
- . . simulation data

I]llll]:l:T]

llllllllF’L‘(‘E?

A\

0 5 10 15 20 25 30 35 40 45

time(sec)

-16

r(deg/s)

-10

lllllIIlIIIlIllllIl|l|!lllll[llllllllllllll]

0 5 10 15 20 25 30 35 40 45

time(sec)

IIIIITIII&“

IlIIllIllllllllllIlllIll‘llllllllllllllllllll

0 5 10 15 20 25 30 35 40 45

time(sec)

ISESRERARRRARA AR

§

soreterc b

0 5 10 15 20 25 30 35 40 45

:lllljlllllllllkllllllll

time(sec)

pB(deg)

q(deg/s)
(]

240
220
200

3180

S

<160
140
120
100

IIIII

Illlllllllllliljllllll)l]lll]lIllllllIlIlIllJ
0 5 10 15 20 25 30 35 40 45
time(sec)

%
~
-
-

;JllllllllllllllIlIllllllllllllllllllllIlllll

0 5 10 15 20 25 30 35 40 45
time(sec)

l|llll|lllllll]lllllllllll!lllllllllllllllll
0 5 10 15 20 25 30 35 40 45

time(sec)

Illll]

'lllllllllij_}
0 5 10 15 20 25 30 35 40 45

A»’AHIIHHIIIIIITTHIT}

nlllxuhl“liuL]Hullul1

[T

time(sec)

Figure 5 Comparison between flight test data and simulation data with unsteady
aerodynamic effects at M=0.4243, H=14931.03ft and xcg=0.45923¢C

12

American Institulc of Acronautics and Astronautics



17000
16500
16000

1111 5500
15000
14500
14000

dp(deq)

F —flight test data

L - - simulation data
‘-UlllllllllllllllIlllIlllIll'LLJJlllHllHl]
0 5 10 15 20 25 30 35 40 45

time(sec)

III'IIIIllIII]l

1
IR

’_HI.IIIlllilllll]l]llllllllllllll]l]lllullj
0 5 10 15 20 25 30 35 40 45
time(sec)

P L
; - s
llllIlllllilllllJlllllllllllllllllhlIlJ1111J
0 5 10 15 20 25 30 35 40 45
time(sec)
;_ unsteady
) quasi-steady
l‘itlll‘l "‘]Lll‘['Jlljlihl“ililll‘ ‘J

0 5 10 15 20 25 30 35 40 45

time(sec)

0.8

0.6

0.4

=~ 02
0

-0.2
-04

0.1

0.05

-0.05

&{deg)

Figure 5 Concluded

lIllllllllllllllilllll!lillllllllllIllllllll
0 5 10 15 20 25 30 35 40 45

time(sec)

[%

0 5 10 15 20 25 30 35 40 45

time(sec)

. TT1T TTTT
TR

o,

ITII'I

...

T

,\lllllllllllllIllllllllllll]llllllllllllllll

5 10 15 20 25 30 35 40 45

o

time(sec)

unsteady

r.j_::};lllllllll\]

quasi-steady

‘lli“lll“ll‘l‘

0 5 10 15 20 25 30 35 40 45

time(sec)

llldll'll'Jllllllllllllii

American Institute of Acronautics and Astronautics



30
20

10

(deg)

8,

60
50
40
30
20
10

B(deg)

71’@

-10

lllilltlllllTY'n

llljlllllllllllllllllll]

5 10 15 20 25

o

time(sec)

lIIJIlllllll!ll'lllllllll

5 10 15 20 25

o

time(sec)

Ill{llll[llll'

IIIIIVITTIIYIT

lllElllIllll!lllllllllJ'

0 5 10 15 20 25

time(sec)

T |l|||'IlH|4IlI|UH|

llllljlllllklx‘llll'l“

0 S 10 15 20 25

time(sec)

p(deg/s)
o

200
150
100

50

(deg)
o

>-50
-100
-150
-200

— quasi-steady
i ---- unsteady

Il)llll\'rlll

IJ!]IIIII]I]III}III!]J!
5 10 15 20 25

time(sec)

o

IITIIIITIIIIIII]

Illl’llll’lT

llllll!i‘!llllllllllil'

5 10 15 20 25

time(sec)

(e

IIIIIII!I]IIIYITVII[TIII"

llllllll]lll[lllllllll]

5 10 15 20 25

o

time(sec)

AR Tllllﬂullllllllll]

lil“lll‘)lt‘ll!]lljlll[

0 5 10 15 20 25

time(sec)

Figure 6 Comparison between the simulation results with and without unsteady
aerodynamic effects at M=0.1718, H=6000ft and xcg at 0.45923¢

Amernican Institute of Acronautics and Astronautics



0.5

| Cma

i Cmq

h'l 1L l Ll 1 ] l 11 11 l I I Ll { ! '

0 1 2 3 4 5
time(sec)

TII||III|1|IIII||I

lll‘ll

lllllllllllllllllllllill

0 1 2 3 4 5
time(sec)

L-l Ll I Ll 1 1 l | l N | I Lol § ]

0 1 2 3 4 5
time(sec)

:1 11 i l Ll Ll J deded I L1l ] Jddd, I
0 1 2 3 4 5
time(sec)

5_ /CnB

E L I A J, I

0 5
time(sec)

Figure 7 Stability derivatives of the unsteady configuration in flight

conditions of Figure 6

American Institute of Acronautics and Astronautics

4



