
ABSTRACT

GIANIKOS, ZACHARY NILE. Limit Cycle Characterization of an Aeroelastic Wing in a Bluff
Body Wake. (Under the direction of Dr. Matthew Bryant).

This paper presents an experimental investigation aimed at characterizing the kinematics

of a pitching-heaving aeroelastic wing placed downstream of a rectangular bluff body. The

influence of the bluff body wake on the wing is two fold: a viscous wake which produces a

velocity deficit downstream and an oscillating induced velocity field due to periodic vortex

shedding. The latter effect is the focus of this paper, specifically, the interaction between the

wake frequency and the wing limit cycle oscillation (LCO) frequency. Wind tunnel experi-

ments showed that the presence of the upstream bluff body causes modulation of the LCO

amplitude. The modulation resembles a beat phenomenon, however the modulation frequency

is related to the third harmonic frequency of the LCO oscillation rather than the fundamental

frequency. The modulation behavior also differs from that of a beat in that the spectral con-

tent contains sideband frequencies, characteristic of a multiplication between a carrier wave

and a modulation wave rather than a simple sinusoidal superposition. Additionally, the stream-

wise spacing between the bluff body and the wing significantly influences the wing kinematics,

with a closer spacing between the two bodies increasing the intensity of the amplitude mod-

ulation. For shedding frequencies sufficiently close to the LCO third harmonic, reducing this

streamwise distance is shown to induce an alternation between two distinct modes of amplitude

modulation, each with its own intensity and frequency.
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Chapter 1
Introduction

Unsteady wing-wake interaction research has undergone profound growth in recent years as

researchers utilize knowledge of wake impingement to develop new multi-vehicle flight forma-

tions, design novel micro-air vehicles [26], and leverage inspirations from biological swimmers

and flyers [13]. Examples of such interactions include close formation flight [2], wake-induced

flutter [5, 23, 12], aerial refueling [3], and fish schooling dynamics [21]. Although diverse in

applications, the fundamental thread through this area of research is the characterization of in-

teractions between unsteady wakes and lifting bodies. Given the ubiquity of wake impingement

in real systems, these interactions are pertinent in the characterization of limit cycle oscillations

(LCO) of nonlinear aeroelastic systems.

Previous experimental and computational studies have addressed the characteristics and

mechanisms of aeroelastic LCO for undisturbed flow conditions [22, 19, 6]. The effect of up-

stream flow disturbances on the kinematic behavior of wings undergoing LCO, however, has

received less attention. In studies of nonlinear aeroelastic systems, researchers found that the

wing response dynamics depend heavily on the inflow conditions. Poirel et al. [20] found that

longitudinally turbulent inflow can decrease the stability of the system by reducing the flutter
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speed to a point lower than that for the non-excited case. In addition to reducing the flutter

speed, the damping is also diminished for airspeed below the flutter point. In a numerical study

of an aeroelastic airfoil with varying inflow, Venkatramani et al. [24] demonstrated intermit-

tency, a phenomenon generally discussed in the context of nonlinear dynamical systems [8, 7].

Intermittency is characterized by an alternation between qualitatively different states, usually

in the vicinity of a stability boundary. Venkatramani et al. [24] showed that fluctuations of the

flow velocity over large time scales produced an "on-off" intermittency in which the system al-

ternated between states of stability and instability about the flutter point. However, for shorter

period velocity fluctuations, the system underwent amplitude-modulated oscillations without

fully regaining stability.

The previously mentioned studies [20, 24] have considered effects of either isotropic turbu-

lence or purely longitudinal freestream velocity fluctuations. Although useful conceptualiza-

tions, these conditions are rarely encountered outside of wind tunnel experiments or numerical

simulations. Several studies in past decades have examined the effect of impinging Kármán

vortex streets on downstream airfoils undergoing prescribed motion. These flow structures

produce relatively high anisotropy and large-scale unsteadiness and therefore, are analogous

to scenarios where the flow is disturbed by an upstream structure. One such study comes from

Chen and Choa [4], who examined the effect of a wake shed from a cylindrical rod upstream

of a NACA 0012 airfoil pitching upward at a constant rate and performed measurements of the

unsteady forces acting on the airfoil. Chen and Choa [4] reported that the peak suction pressure

at the leading edge of the airfoil with the cylinder placed upstream was increased by as much as

50% compared to the undisturbed case and that the peak suction was reached at a larger angle

of attack. They attributed this effect to the upstream disturbance acting as a vortex generator

that energizes the boundary layer, causing earlier turbulent transition and delayed separation

of the dynamic stall vortex (DSV). Merrill and Peet [17] conducted a similar investigation re-

2



garding the effect of an impinging wake from a bluff body on the dynamic stall characteristics

of a sinusoidally pitching airfoil using direct numerical simulation. They concluded that the

impinging wake largely affects the forces and moments acting on the airfoil by altering the

formation of vortex structures. For the conditions investigated, Merrill and Peet [17] concluded

that dynamic stall for a pitching airfoil occurs later in the pitching cycle when in the presence

of a turbulent wake due to the delayed formation and detachment of the DSV. Both of these

studies were successful in identifying aerodynamic mechanisms of the impinging wake struc-

tures; however, since the airfoils in both cases underwent prescribed motion, they do not reveal

effects on the aeroelastic kinematics and dynamics.

The aim of this paper is to investigate the kinematic response of an aeroelastic wing system

undergoing LCO in the presence of an impinging bluff body wake. Experiments are first con-

ducted without the presence of an upstream bluff body to establish the baseline case. Then, tests

with the bluff body positioned upstream are performed, varying two parameters: the bluff body

shedding frequency, which is varied implicitly via the freestream velocity, and the streamwise

distance between the bluff body and the wing.
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Chapter 2
Experimental Methods

2.1 Aeroelastic Apparatus Design

A two-degree-of-freedom aeroelastic apparatus was constructed to investigate the effects of

wing-wake interaction phenomena (Fig. 1). The wing is a 3D printed symmetric version of the

SD 7003 with a chord length (c) of 150mm and aspect ratio (AR) of 4. Based on the results

of Visbal and Garmann [25], endplates are attached to the tips of each wing to emulate 2D

flow conditions. The endplates extend one chord length forward and aft of the wing section.

The pitching axis was located at the mid-chord position for the experiments discussed in this

paper. The aeroelastic system is supported within the wind tunnel test section by an external

box structure which acts as a mechanical ground, isolated from the wind tunnel. The wing is

supported by upper and lower PBC Linear guide rails and carriages (Fig. 2.1). Linear extension

springs provide elastic restoring force and moment for both the heave and pitch degrees of

freedom. A set of springs are attached to a cable-pulley system to create a restoring moment

for the pitch degree of freedom. The spring stiffness properties are characterized later in Section

3.
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BallastRotary encoder Pulley

Linear encoder Extension 
eprings

Upper carriage 
assembly

Endplates

Flow direction

Lower carriage 
assembly

Figure 2.1 CAD model of aeroelastic apparatus

Table 2.1 provides the mass and geometric system properties. These values were obtained

via direct measurement except for the center of mass (COM) and moment of inertia (MOI)

which were estimated via SolidWorks software.
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Table 2.1 Mass and dimensional properties

Parameter Description Value

AR aspect ratio 4

c chord length [m] 0.15

Iq pitching inertia about elastic axis [kg � m2] 5.32e-03

mT mass of all moving parts [kg] 3.27

mW mass of all rotating parts [kg] 1.61

xp non-dimensional pitching axis location (chord length fraction from

leading edge)

0.5

xq non-dimensional distance from pitching axis to rotational COM 0.062

2.2 Upstream Bluff Body

During wing-wake interaction experiments an upstream rectangular cylinder was used to create

the wake. The streamwise length of the bluff body is 152 mm and the width (D) is 76 mm. Oka-

jima [18] found that the Strouhal number (St) for a rectangular cylinder with length to width

ratio of 2 is approximately 0.085 for the Reynolds numbers tested herein. This allows for shed-

ding frequencies closer to the natural frequencies of the aeroelastic system than for a circular

cylinder where St � 0:2. The bluff body was constructed from laser cut birch plywood and

attached to an ATI Gamma six-degree-of-freedom load cell (not shown) to measure shedding

the frequency (Fig. 2.2).
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Bluff body

Flow direction

Figure 2.2 Photograph of aeroelastic apparatus shown with bluff body mounted upstream

For this set of experiments, the bluff body was positioned at three different locations relative

to the wing. A diagram of the test section layout is shown in Fig. 2.3. Table 2.2 defines the three

bluff body positions tested.
+

-

D = 0.076 m
Y

X

Xb

Figure 2.3 Schematic of bluff body spatial configuration (wing deflections not to scale)
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