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Abstract: The paper presents a method for obtaining the flight dynamics, stability and control
characteristics of flexible airplanes. Computational fluid dynamics techniques are used for the
aerodynamics, while finite element techniques are used to evaluate structure deformations.
The coupling between aerodynamics and structure is done by using multi-field Fluid Structure
Interaction. Results are generated for an example airplane that has high aspect-ratio wing and
fin fuselage. The results indicate that aerodynamic derivatives, static and dynamic stability are
changed with dynamic pressure. Results also indicate that the controller design (gain
scheduling) for an example automatic flight control system, pitch-attitude hold, has some
changes. Furthermore, flight simulation based on fourth-order Runge-Kutta numerical
integration indicates small changes on airplane's trajectory during a pull-up maneuver.

Keywords: Flight dynamics, flexible airplane, aerodynamic derivatives, ANSYS multi-field
MFX, fluid structure interaction FSI.

Introduction

Airplanes fly at different altitudes and Mach numbers leading to changes in aerodynamic
loads applied on their structures which lead to structure deformation. These deformations, in
turn, change the airplane shape; hence, the aerodynamic and control characteristics are
changed. Ref. [1] gives mathematical formulation for coupling aerodynamics to structure and
showing its effect on a highly flexible flying wing. Ref. [2] extends the work of Ref. [1] for a
highly flexible airplane. Ref. [3] does this coupling by using classical aerodynamic and
structural theories. In this paper the assumption is made that the changes in aerodynamic
loading take place so slowly that the structure is, at all times, in static equilibrium. This is
equivalent to assuming that structure's natural frequencies of vibration are much higher than
the frequencies of rigid-body motion. Thus a change in load produces a proportional change
in the shape of the airplane (quasi-static deflections), which in turn influences the load; Ref.
[10] .The paper is organized in 6 main sections, including this one. Section 2 represents the
governing equations for booth aerodynamics and structure. In section 3, the governing
equations for stability and control are written. Section 4 represents a method for obtaining the
aerodynamic derivatives of a rigid airplane using CFD techniques. In section 5, a flexible
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airplane is presented and its aerodynamic derivatives are evaluated as function of the dynamic
pressure. Section 6 shows the effect of flexibility on static and dynamic stability, automatic
flight control system design, and on motion simulation for the flexible airplane presented in
section 5.

Aerodynamics and Structure Governing Equations
In this section, the governing equations for booth aerodynamics and structure are written.

Aerodynamics Governing Equations
In this section, the instantaneous equations of mass and momentum are presented. For
turbulent flows, the instantaneous equations are averaged leading to additional terms. These
equations can be written in a stationary frame leading to Eqns. 1 and 2 for mass and
momentum, respectively. The equations are then discretized with a finite element based
technique and solved using ANSYS CFX.

dp _

-+ V.(pV) =0 )
a(gf) +V.(pVQV) = —VP + V.1 + Sy (2)
T=up@V + @V - E(SV. V) 3)

3

where p is density, t is time, V is total velocity vector, P is pressure, u is dynamic viscosity, t
IS stress tensor, and § is strain rate.

Structure Governing Equations

Static analysis is used to determine displacements, stresses, strains and forces under static
loading conditions that do not induce significant inertia and damping effects, such as those
caused by time-varying loads. A static analysis can, however, include steady inertia loads
(such as gravity and rotational velocity), and time-varying loads that can be approximated as
static equivalent loads (such as static equivalent wind). Steady loading and response
conditions are assumed; that is, the loads and the structure's response are assumed to vary
slowly with respect to time. A finite element solver, ANSY'S Static Structural, is used to solve
the governing equations. The elements used for finite element modeler are four elements as
follows:

10-Node Quadratic Tetrahedron, SOLID187
This element is used to model the spars and rips of wing, tail and fuselage.

4-Node Linear Quadrilateral Shell, SHELL181
This element is used to model the skin of wing, tail and fuselage.

Quadratic Triangular Target, TARGE170
This element is used in conjunction with CONTA173 to contact skin to the spars and ribs.

Linear Triangular Contact, CONTA173
CONTA173 is used to represent contact and sliding between 3-D target surface,
TARGE170, and a deformable surface, defined by this element.
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Stability and Control Governing Equations
In this section, the governing equations for stability and control are given.

General Equations of Unsteady Motion
The general equations of unsteady motion of the airplane are written in the Body Axis
System, Eqgn. 4. The angular velocities are related to attitude angles, (¢, 6 and ), through
Eqgn. 5. The rate of change of the CG position with respect to time, (x, y and z), measured
with respect to Inertial Axis System, is given by Eqn. 6. Equations 4, 5, and 6 are taken
directly from Ref. [10].

m(u+qw —rv) + mgsinf =X

m(@+ru—pw)—mgcosOsingp =Y

m(W + pv —qu) —mgcos@cosp =Z (@)
Iyxp — Ixz7 + (Izz — lyy)qr — Ixzpq = L

Iyyq + (xx — Iz2)rq + Ixz(p* —712) = M

—IxzD + Izz7 + (yy — Ixx)Pq + Ixzqr = N

[ 1 sing tanf cos¢ tanf|p

6l=10 cos¢ —sing ] [ql (5)
) 0 sing sec8 cos¢ secOl1lr

[ % cosOcosy singsinfcosy — cospsinyg cospsinbcosy + singsiny|ru

y| = [cosOsiny singsinfsiny + cospcosyp cospsinfsiny — sinqbcosd)] lvl (6)
[ Z —sinf singcosO cosgcosBO w

Steady, Reference Flight Condition
The airplane is assumed to be in a state of steady flight, i.e., a state of motion such that Eqn. 7
is satisfied. This steady state of flight is termed the Reference Flight Condition, and may
consist of any steady (such as steady rectilinear flight, steady side slip, level turns, and helical
turns) or quasi-steady (for which the restrictions imposed by Eqn. 7 are only approximately
satisfied, such as steady pull-up) maneuver.

u=v=w=p=q=r=90 (7)

The equations of motion for a rigid airplane in the Body Axis System for the steady, reference
flight condition are then obtained by substituting Eqn. 7 into Eqn. 4, as expressed in Eqgn. 8.
The subscript 1 denotes evaluation in the reference flight condition.

m(qw; — 1 v,) + mgsinb, =X,
m(r,u; —pywy) —mgcosf,sing, =Y;
m(p,v; — q1uq) —mg cos 0, cos ¢y =7,
(Izzl - Iyyl)fhﬁ —Ixz, 0191 = Ls (8)
(Ixxl - Izzl)r1p1 + Ile(p% -rf) =M,
(IYY1 - Ixxl)pﬂh + Ixz,9:m = Ny
Linear Aerodynamic Forces and Moments
The linear aerodynamic theory requires that the components of aerodynamic force and couple

be linear functions of the airplane's motion and the control surface settings. Also, motions of
control surface settings which are symmetric with respect to the plane of symmetry of the
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airplane can give rise only to symmetric distributions of aerodynamic pressure, while
antisymmetric motions and control surface settings produce only antisymmetric aerodynamic
pressure distributions. The nonlinear aerodynamic terms, therefore, reduce to the linear forms
given by Eqn. 9. The coefficients of the motion variables and control surface settings are all
constants. The superscript A means aerodynamic components.

X{=X§ + Xy + X2qy + X5,6e

YA = Y4B + Yoy + YAy + Y Sa, + Y 6m

I =728 + Z8ay + Z{qy + Z5,6e,

L = LgBy + Lopy + Ly + L§,6a, + L5, 61y

M = M§ + Mfay + Miq, + M§, e,

N#g, = Ni'B1 + Ni'py + NfAry + Nj,6a, + Ng,.6ry

9)

where a is angle of attack, {3 is angle of side-slip; and de, 8a and &r are elevator, aileron and
rudder deflections, respectively.

These coefficients constitute the aerodynamic derivatives of an airplane which are coefficients
in a truncated Taylor series expansion about the flight condition wherein all trim parameters,
(uq, aq, B1, P1, 91, 11, D1, Y1, Ty, Oeq, 8aq, 61y), are set to zero except u,; where y is flight-
path angle and T is thrust amplitude. The aerodynamic derivatives are, therefore, distinct from
the stability derivatives because the latter are the result of perturbations about the reference
flight condition wherein all of the trim parameters may be different from zero. The parameter
used to measure static stability is Static Margin, SM, given by Eqn. 10.

Cm,

SM = —

(10)

CLa

Unsteady Perturbation Flight Condition

The equations of motion are linearized for use in stability and control analysis. It is assumed
that the motion of the airplane consists of small deviations from a steady, reference flight
condition. The steady, reference flight condition here may be a steady cruise, steady climb, or
steady descent. It is possible to use the term steady because the time period of interest for
dynamic stability and control studies is sufficiently small that atmospheric properties and
mass properties can be assumed constant. As a consequence, the angle of attack, the elevator
angle, and the Mach number are constant, and the pitch rate and the angle of attack rate are
zero on the reference path. All the variables in the equations of motion are replaced by a
reference value plus a perturbation or disturbance as in Eqgn. 11.

u =uy +Au...etc (11)

For simplicity, the prefix A is removed in this section and keeping in mind that the reference
value is given a subscript 1.

The longitudinal equations of motion are expressed in Eqn. 12. The stability derivatives
X,...etc, are defined in Ref. [4].

1-Xpu—X;u—X,w—X,w+ (—Xq + wl)é + (g cos0,)0 = Xs,.0e
—Zyt— Ziu+ (1 — Zy)w — Zyw + (=2, — uy)0 + (g sinby)0 = Zs.0e (12)
—Myt — Myu — Myw — M,w + ¢ — M,0 = Ms,Se

4



Paper: ASAT-15-209-ST

Applying Laplace transformation on Eqn. 12 leads to the equations of motion in a matrix
form, Egn. 13, where g = s6

1-X)s—X;, —Xps—X, (—X;+w)s+gcos, Xs,
—Zys — 73, 1-Zy)s—2, (-Z,- ul)s +g sm01 [ l Zse |6 (13)
—Mys — M,  —Mys —M, 5% — Mse

By the same manner, the lateral-directional equations of motion after taking Laplace

transform are expressed in Eqn. 14, where ¢ = 2+ Ztanf, andp = — =
s s cosB, s
[ WS +gcosb; u;s—g sinBl] . .
R v ves [P] [Yoe Yo
|, L P = e L |29 (14)
e u (5] [e |[5
| —N; ~Njs s—N. |7 Sa  TTor

Aerodynamic Derivatives of Rigid Airplane

In this section, the aerodynamic derivatives of rigid airplane will be calculated using ANSYS
CFX. The results are then verified with those obtained from wind-tunnel tests given by Refs.
[5, 6, 7 and 8].

The aerodynamic derivatives are separated into two classes; longitudinal, (C,_,Cp,, Cp,,.

CLq,CDq,Cmq), and lateral-directional, (CYB,Clﬁ,Cnﬁ, Cy,, Cr Gy, Gy, Gy Cy,)- In addition,

the control surfaces’ derivatives may be calculated.

The a Derivatives
The control volume will be as in Fig. 1. To verify the results, ANSYS CFX results are
compared with wind-tunnel results obtained for the model given by Ref. [8]. The results are
plotted in Fig. 2.

The q Derivatives
The control volume will be as in Fig. 3. To verify the results, ANSYS CFX results are
compared with wind-tunnel results obtained for the model given by Ref. [5].

The B Derivatives
The control volume will be again as in Fig. 1. To verify the results, ANSYS CFX results are
compared with wind-tunnel results obtained for the model given by Ref. [8].

The p Derivatives
The control volume will be as in Fig. 4. To verify the results, ANSYS CFX results are
compared with wind-tunnel results obtained for the model given by Ref. [7].

The r Derivatives
The control volume will be as in Fig. 5. To verify the results, ANSYS CFX results are
compared with wind-tunnel results obtained for the model given by Ref. [5].
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Fig. 1. The Control Volume and Verification Model for @ and B Derivatives
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Fig. 2. The Results for a Derivatives

Fig. 3. The Control Volume and Verification Model for g Derivatives
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Fig. 4. The Control Volume and Verification Model for p Derivatives

Fig. 5. The Control Volume and Verification Model for r Derivatives

Aerodynamic Derivatives of Flexible Airplane

In this section, the aerodynamic derivatives of flexible airplane will be calculated as functions
in the dynamic pressure, g.. The analysis is done by coupling the aerodynamics with
structure through a two-way fluid-structure interaction. ANSYS Multi-Field MFX is used as
the calculation tool.

The Flexible Model Geometry
The flexible model which is used has the geometric characteristics given by Table 1 and
shown in Fig. 6.

Fig. 6. The Flexible Model Aerodynamic Geometry
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Table 1. The Flexible Model Geometric Characteristics

Parameter | Value
Wing
Aspect Ratio 10.86
Taper Ratio 0.7
Span 30.48 (m)
Mean Aerodynamic Chord 2.8358 (m)
Sweep Back Angle at Leading Edge 30 (deg.)
Root Chord 3.302 (m)
Wing Area 85.548 (m2)
Washout Angle -2.88 (deg.)
Wash-Out Distribution Linear
Root Chord Incidence Angle to FRL +1 (deg.)
Dihedral Angle 0 (deg.)
Airfoil NACA 65-213
X Distance from Wing Apex to Fuselage Nose 5.842 (m)
Horizontal Tail
Taper Ratio 0.7
Span 7.62 (m)
Sweep Back Angle at Leading Edge 20 (deg.)
Root Chord 2.032 (m)
Washout Angle 0 (deg.)
Root Chord Incidence Angle to FRL -1 (deg.)
Airfoil NACA 65A-008
X Distance from Wing Apex to Fuselage Nose 23.622 (m)
Vertical Talil

Taper Ratio 0.7
Semi-Span 3.81 (m)
Sweep Back Angle at Leading Edge 20 (deg.)
Root Chord 2.54 (m)
Airfoil NACA 65A-008
X Distance from Wing Apex to Fuselage Nose 23.368 (m)
Z Distance from Root Chord to FRL 0.508 (m)

Fuselage

Cross Section

Cross Section Span (Octagon Shortest Diagonal)
Straight-part Fuselage Length

Nose Length

Nose Shape

Regular Octagon
1.524 (m)

25.4 (m)

0.762 (m)

Revolved Semi-Octagon
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The model spars and ribs are made from Polyethylene material while all the airplane skin is
made from Aluminum Alloy. The model structure is shown in Fig. 7 and has the mass model
given by Table 2.

b)

Fig. 7. The Flexible Model Structure Geometry,
a) Without Skin, b) With Skin

Table 2. The Flexible Model Mass Model

Parameter Value
m (kg) 2629.4
Ix (kg.m?) 109,479
Iy (kg.m% 109,044
Iz (kg.m%) 216,806
Ixz (kg.m?) 2857
Xce (m) 5.715
Yce (M) 0
Zco (m) 0
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The Flexible Model Aerodynamic Derivatives

In this and the following sections, the aerodynamic derivatives for the flexible airplane model
will be calculated for four combinations of dynamic pressure as in Table 3. Also the
aerodynamic derivatives for the rigid airplane will be calculated and compared with the

flexible one. The « derivatives are given as ratio, e.g., (CL“)Flexible/(CLa)Rigid’ and plotted
versus dynamic pressure. The results are shown in Figs. 8 through 12.

Table 3. Dynamic Pressure (Flight Condition) Combinations

. Altitude Velocity | Dynamic Pressure
Flight Cond. No. (km) (m/s) (N/m?)
Flexible 1 10 50 516.9
Flexible 2 Sea Level |50 1531.3
Flexible 3 10 100 2067.6
Flexible 4 Sea Level | 100 6125
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Fig. 8. The a Derivatives Ratio vs. Dynamic Pressure
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Stability and Control of the Flexible Model
In this section, stability and control of the flexible model is examined.

Static Stability

The static margin ratio is plotted in Fig. 13 showing a small decrease in static stability with

dynamic pressure variation.
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Fig. 13. Static Margin Ratio vs. Dynamic Pressure

Dynamic Stability

Longitudinal and lateral-directional modes are calculated and given in Tables 4 and 5,

respectively.

Table 4. Longitudinal Characteristic Roots Variation
with Dynamic Pressure

Flight Cond. No. Phugoid Short Period

Rigid —0.052 + 0.0639 | —10.6 + 7.93i
Flexible 1 (9o = 516.9) —0.0119 + 0.222i | —1.68 + 2.26i
Flexible 2 (qo = 1531.2) | —0.0267 +£0.172i | —4.67 + 3.75i
Flexible 3 (qe = 2067.6) | —0.0175+0.111i | —3.07 + 4.28i
Flexible 4 (9., = 6125) —0.0515 + 0.0737i | —7.70 + 6.56i

Table 5. Lateral-Directional Characteristic Roots Variation
with Dynamic Pressure

Flight Cond. No. Spiral Dutch Roll Rolling
Rigid -0.0047 —2.03+3.79i |-12.6
Flexible 1 (g, = 516.9) -0.0185 —0.287 £ 1.11i | -1.76
Flexible 2 (g, = 1531.2) | -0.00616 —092+1.83i |-5.19
Flexible 3 (qe = 2067.6) |-0.00520 | —0.619 +2.13i |-3.53
Flexible 4 (g, = 6125) -0.00713 —1.69+3.35i |[-7.92

12
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Design of Automatic Flight Control Systems
An example automatic flight control system, pitch-attitude hold, is designed for the flexible
airplane at the different values of dynamic pressure. The block diagram suggested for this
autopilot mode is given in Fig. 14 and added to it a limiter for the reference input in order to
prevent the angle of attack from getting into stall region. The elevator servo break frequency
is assumed to be a = 10 rad/sec, while the pitch attitude gyro gain is assumed to be

AgS?+BgS+C .
92 76276 _  The denominator
S*+AS3+BS2+CS+D

coefficients can be calculated from the transfer function characteristic roots represented
earlier in Table 4, while the numerator coefficients are written in Table 6.

. o . .
K4yro = 1. The transfer function 5 Isin the form

Limiter Elevator Servo
Reference . a 2 _
itc
Input —» j[ Ky b = y ——
; sta de Attitude
Pitch _
Attitude Output

Pitch Attitude Gyro

K

gyro

Fig. 14. Block Diagram for Pitch-Attitude-Hold AFCS

Table 6. Numerator Coefficients for ; Transfer Function
at Different Flight Conditions

Coefficient | Rigid Flexible 1 | Flexible 2 | Flexible 3 | Flexible 4
Ag -21 -1.772 -5.251 -7.09 -21

Bg -196.4 | -2.719 -21.99 -19.34 -137.8

Cq -21 -1.772 -5.251 -7.09 -21

The design requirements for this pitch-attitude hold AFCS are chosen for the Phugoid poles to
be critically damped. The values of Kg that will satisfy design requirements (Gain
Scheduling) are given in Table 7. In addition, the steady state error for unit step input at these
values of Kg is given.

Table 7. Kg to Satisfy Design Requirements
at Different Flight Conditions

Flight Cond. No. Ky ess%
Rigid 0.28 |16
Flexible 1 (qe, = 516.9) 2.28 |40
Flexible 2 (g, = 1531.2) | 0.814 | 40
Flexible 3 (g, = 2067.6) | 0.452 | 43
Flexible 4 (g, = 6125) 0.245 | 16

The flexibility effect on system dynamics for the transfer function ai can be shown as in

Fig. 15. Also the dynamic response for the pitch attitude hold AFCS s;e/stem (after using gain
scheduling) can be shown as in Fig. 16.

13
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Fig. 16. Impulse and Step Responses for Pitch Attitude Hold AFCS

Flight Simulation

(after using Gain Scheduling)

The equations of motion are solved to get the motion variables with time for a prescribed path
or prescribed control settings. The solution is done by using fourth order Runge-Kutta
numerical integration. For a symmetric motion, the equations of motion in the Body Axis
System are given by Eqns. 15, 16 and 17. In addition, three other equations are given by

Eqgn. 18.

X
u=-—-—gsin qw

Z
==+ 0+
w gcos qu

. M

q=7—
Iyy

6=q

X = u cosl + w sinf
z = —u sinf + w cosf

. (uu+ww)
- . V .
uw — wi
u?+w?
y=0-«a

15

(15)

(16)

(17)

(18)
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The results for a pull-up maneuver for Rigid and Flexible 1 flight conditions are shown in
Fig. 17.
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Fig. 17. Pull-up Maneuver Simulation using Runge-Kutta
Numerical Integration
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Conclusions

For a flexible airplane, the aerodynamic derivatives are no longer only functions in
normal parameters, such as angle of attack; instead they become functions in additional
parameter, the dynamic pressure.

For the same configuration, a flexible airplane has less static and dynamic stability than
a rigid one. The percentage change depends on how much the airplane is flexible.

The effect of flexibility on dynamic stability can be reduced by using gain scheduling
when designing the airplane’s automatic flight control systems.

To get a certain aerodynamic, stability and control characteristics for an airplane in the
design point flight condition, the Jig Shape has to be calculated.

The jig shape is computed by solving the trim problem for the design point flight
condition with the airplane treated as a rigid body having the design shape. The
resulting aerodynamic and propulsion system loads are then applied on the airplane
leading to deformation (displacement). The displacements computed are subtracted
from the design shape coordinates. These operations establish the jig coordinates.
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