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Abstract: This work investigates the spectrum distribution of continuous gust loads found in the atmosphere. It is eval-
uated the effects of a leading-edge flap coupled to the trailing-edge flap for an aeroelastic system with four degrees of
freedom. The control surfaces coupling parameter is investigated to determined the stable and unstable system behavior.
The different gust configurations are studied and unsteady aerodynamic forces are considered. The equations of motion
are written using aeroelastic frequency response functions (FRF) and the system responses are obtained in terms of their
power spectral density (PSD).
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1. INTRODUCTION

During development of a new aircraft, stability analyzes and aeroelastic responses are necessary, with requirements
that may affect the design, and even restrict the flight envelope. The calculation of gust loads is an important analysis pro-
cess during aircraft design. The study of aeroelastic phenomena arising from the interaction between fluids and structures
is an important area of research called aeroelasticity which makes gust response analysis being an extremely important
topic. Gust loads are naturally occurring in the atmosphere and may compromise the airworthiness of structural integrity
of air vehicles. It is important to guarantee the system’s stability, thus, the structure of an aircraft is economically viable
when low structural weight is achieved, which leads to the design of more flexible structures. But increased flexibility can
lead to problems of dynamic origin, such as instability, which compromise the integrity of the structure.

Among different design strategies aimed at alleviate continuous gust loads, the use of control surfaces such as ailerons
has proved viable, including applications in Boeing, Airbus and Lockheed Martin aircraft. Some of the approaches used
include the Lambie (2011) model, which was used to control the propeller bending, relieving the acting nonstationary
aerodynamic loads. Wang ef al. (2012) have been able to suppress aeroelastic vibrations in a nonlinear wing using
actuators in the leading and trailing-edge flaps. However, there is a few works exploring the use of leading-edge flap to
alleviate gust loads such as studied by Carvalho (2017).

Therefore, in order to improve the airworthiness conditions in turbulent atmosphere, this work evaluates the power
spectral density distribution due to the variation of the physical properties of the turbulence. Also, its evaluates the effect
on stability and flexibility of a leading-edge flap due a coupling factor relative to the trailing-edge flap at the aeroelastic
response spectrum for suppression of continuous gust loads of Von Karman. It will be considered a typical four degrees
of freedom section with nonstationary aerodynamics. The work has relevance to the development of safer aeronautical
systems.

2. METHODOLOGY

The system considered has four degrees of freedom, as shown in Fig. 1. Since 6 is the rotation of the airfoil relative to
the direction of flow, (3 the trailing-edge flap, y the leading-edge flap and « the angle between the velocity of the flow and
center of gravity. The other variables are defined as: c.g. the center of gravity, e.c. the elastic center, a.c. the aerodynamic
center, k; the springs, b the semi-chord, TE the trailing-edge flap and LE the leading-edge flap.

The equation of motion of the system is given by Eq. 1. For the purposes of structural analysis, it is considered that
there is no damping in the system.

Mii(t) + Bu(t) + Ku(t) = F, + F,(w) (1)
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Figure 1: Typical wing section with four degrees of freedom.

The matrices of mass M, damping B and stiffness K were presented by Edwards (1977) for a airfoil with four degrees
of freedom, which were subsequently coupled using the coupling factor n presented by Lambie (2011), as exposed in Eq. 2
and Eq. 3.

1/b Ta Ty — NTB
M = mb? Ta /b Ta [zy(d —a) = 3] = n[r§ +2s(c—a)]| ()
(zg +nzy) /b [rf +zp(c—a)] + nlz,(d - a) — 2] nr2 —nrj
wi/b?* 0 0
K=mb?| 0 w22 0 3)
0 0 w?yr?y

In Equation 1, F, = ¢Q(s")u(s’) represents the unsteady vector of aerodynamic forces of Jaworski (2012) and F,
is the gust load forces. The aeroelastic system (Eq.1) is rewritten by the array of FRF H(w) in Equation 10, where the
superwritings R and [ respectively indicate the real and imaginary parts of the matrix and 7 = 1/mm. The aeroelastic
response spectrum U(w) = {h(w) O(w) B(w) vy(w)}T ( where h(w) is the vertical displacement or plunge of the airfoil)
due to the gust load is obtained from U(w) = H(w)F,(w). Equation 4 represents the nonstationary aerodynamic matrix
Q for each frequency reduced k& which was given by Theodorsen (1935) properly altered Jaworski (2012).

where ¢ = %pV2 is the dynamic pressure, the sub-index nc represents the noncirculatory terms and C'(k) is an approx-
imation of function of Theodorsen. Jaworski (2012) defined the noncirculatory matrices M,,. and K., also the vectors
S1, S, and R, which were coupled according to Lambie (2011).
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H(w) = [~ 4 juB — j0n/u)0,5Q" + (K~ (n/u)0,5Q")] (10)

Obtained the FRE, it is necessary to determine an equation that represents the gust load found by an aircraft in flight.
According to Karpel (1981), the vertical gust power spectral density of Von Kdrmén represented by Eq. 11 is used

L 1+ (8/3)(1.3387LQ)*
V [1+ (1.3387L8Q)2]11/6

2
B,y () = %w (11)

where o, the RMS velocity of the gust, € the spatial frequency of the excitation given by 2 = w/V and L the scale of

the turbulence. Finally, the spectrum of the gust response is obtained by the Transfer Function Theorem, represented in
Eq. 12

Pp(w) 5 q)wy(w)
D, (w) = | H? | 0 (12)
(I)(ﬁ(w)*nv(w)) 0

where |H|? = H - H* is a multiplication of a FRF by its conjugate complex and “n” is the coupling factor (or parameter).
The vertical power spectral density of Von Karmdn only acts in movement of plunge.

3. RESULTS AND DISCUSSIONS

As specified in MIL-HDBK-1797 (2009), Tab. 1 presents the parameters values assumed to carry out the numerical
simulations. The spectrum of gust can be obtained at low frequencies, but from a value above 10~3(m/s)?/Hz to a
height of 300m. In Fig. 2 it is noticed that the increase in the wavelength characteristic of the turbulence results in an
increasing linear variation in the spectrum distribution of gust loads resulting a greater amplitude in the initial spectrum
<I>wg(0) and also in the maximum points ®,,4 mqe.. The increase in air velocity results in decay in the initial value of
the spectrum and amplitudes of the maximum points such that this variation is more visible at lower velocities where the
spectrum distribution of gust loads is on the order of 10°.

Table 1: Physical parameters of gust loads.

Mean aerodynamic chord b=1m
Air density p=1,1638 kg/m?>
Air Velocity V =275 m/s
Vertical wavelength characteristic of the turbulence L, =762m
RMS value of turbulent velocity Owg =1 b/s?
Frequency (A = 0,001 Hz) 0Hz< f<200 Hz

Figure 2: Variation of spectrum distribution of gust loads as a function of physical parameters of the gust loads.
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The numerical simulations consider an airfoil defined as Edwards (2013), for which Tab. 2 shows the values of each
parameter. The system previously described by four degrees of freedom is redefined by 3 DOFs coupling the leading-edge
flap with the trailing-edge flap using the rule 3(,) = —77(.). It is evaluated this coupled configuration, in which both
flaps rotate simultaneous and synchronized, as discussed by Lambie (2011) and Carvalho (2017). For this case, the system
stability is verified because an stable behavior can be achieved depending on the “n”, as show in Fig. 3. For a coupling
factor of 0 > n > 10, its concluded that spin radius variation has a value that guarantees stability and a maximum
coupling factor to the system of n = 8. Also, the natural frequency variation results in a maximum coupling factor around
n = 1.7 and its not possible to obtain flaps coupled with natural frequencies below w., = 100rad/s.

Table 2: Physical and geometric parameters for a typical wing section with three degrees of freedom coupled.

Natural frequency of h wp, = 50 rad/s
Natural frequency of « we = 100 rad/s
Natural frequency of 3 wg = 300 rad/s
Natural frequency of 8 wy = 500 rad/s
Distance of the dimensionless elastic center a=-04m
Reference semi-chord b=05m
Distance of dimensionless control surface c=1m
Dimensionless mass displacement center Tq =0.2
Dimensionless mass displacement center xg = 0.0125
Dimensionless mass displacement center zg = 0.0125
Spin radius of typical wing section ro = V0.25
Spin radius of trailing-edge rg = +/0.00625
Spin radius of leading-edge ry = +/0.00625
Mass ratio (m/mpb?) p =40

Figure 3: Components of the torsional stiffness of the leading-flap edge k., normalized by their maximum values.
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Based on Fig. 3 from Fig. 4 it is observed that the aeroelastic response spectrum for suppression of continuous gust
loads of the coupled flaps at lower aeroelastic frequencies as the coupling factor increases. Futhermore, the variation of the
coupling factor does not influence the pitch and plunge movement. But, values of n higher than 3.75 results in instability
of the system with flexibility defined in w, = 500 (rad/s) and r,, = 1/0.00625, once imaginary part of eigenvalues is
negative out of stable area.

Fixing the coupling factor with n = 0.5, Fig. 5 presents an analysis about the increase in the spin radius and the
natural frequency of the leading-edge flap, which results in an alleviation at continuous gust loads as a consequence of the
reduction at the aeroelastic response spectrum in vertical displacement of typical wing section (plunge) with three degrees
of freedom coupled. The term governed by the natural frequency of the leading-edge flap offers a greater alleviation at
continuous gust loads because it presents larger numbers high squared.
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Figure 4: Aeroelastic response spectrum in the frequency domain in function of coupling factor “n”.
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Figure 5: Variation of the aeroelastic response spectrum in & (w) in function of the radius of rotation and natural frequency
of the leading-edge flap.
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Futhermore, it is noted that the increase in natural frequency, to a value around 500rad/s, reduces and advances the
magnitude of the response spectrum from f = 10.61Hz to f = 10.51H z with a frequency variation of Af = 0.1Hz,
since, from this value, this variation is minimal and can be overlooked. With respect to the spin radius, it has a maximum
value which is able to reduce the magnitude of the response spectrum, since it has relation with the rotation of the airfoil
and can result in phase inversion and opposite effect when the values that guarantee the stability of the system are not
choosed.

4. CONCLUSION

This articles investigated the aeroelastic response spectrum considering continuous gust spectrum. A system with 4
DOFs, containing two control surfaces (on its trailing and lead edges), was rewritten by 3 DOFs by coupling both control
surfaces, one in each other. Stable and unstable dynamic behavior were identified for different coupling factors.

The study evaluated the power spectral density of Von Karman for different values of its physical parameters of the
turbulence, and based on the analysis it was possible to associate each configuration with and system spectral responses.
The main conclusion is that the increase in the aeroelastic response depends on the higher turbulence characteristic length.
Otherwise, the reduction of the responses can be achieved by reducing the free flow velocity.

Finally, it is verified that is possible to alleviate the continuous gust loads by reducing the aeroelastic response spectrum
in vertical displacement of a typical wing section with a coupled three degrees of freedom two flaps system, which is
obtained by increasing the flexbility of the leading-edge flap to a value that still guarantees the system’s stability.
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