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Abstract

Whirl flutter is a specific type of flutter instability, for which the experimental validation of analytical
results is required. To determine propeller aerodynamic forces on a vibrating propeller, aerodynamic
derivatives are used. Described demonstrator represents a sting-mounted nacelle with a motor and
propeller. It includes engine pitch and yaw degrees-of-freedom. For the measurement, a single degree-
of-freedom model is used and blocking of either pitch or yaw movement is provided. Pitching moment
and vertical force due to the pitch angle and pitching moment and vertical force due to the yaw angle
derivatives are investigated. Measured quantities include pitch and yaw angles and pivot moments.

1. Introduction

Whirl flutter is a specific type of aeroelastic flutter instability, which may appear on turboprop aircraft due to the effect
of rotating parts, such as a propeller or a gas turbine engine rotor. Rotating mass generates additional forces and
moments and increases the number of degrees-of-freedom. Rotating propellers also cause an aerodynamic interference
effect between a nacelle and a wing. Whirl flutter instability is driven by motion-induced unsteady aerodynamic
propeller forces and moments acting at the propeller plane. It may cause unstable vibration, which can lead to failure
of an engine installation or an entire wing.

The propeller whirl flutter phenomenon was analytically discovered by Taylor and Browne in 1938 [1]. The next
pioneering work was performed by Ribner, who set the basic formulae for the aerodynamic derivatives of propeller
forces and moments due to the motion and velocities in pitch and yaw in 1945 [2, 3]. After the accidents of two
Lockheed L-188 C Electra Il airliners in 1959 and 1960 [4], the importance of the whirl flutter phenomenon on
practical applications was recognized.

The complicated physical principle of whirl flutter requires experimental validation of the analytically results obtained,
especially due to the unreliable analytical solution of the propeller aerodynamic forces. Further, structural damping is
a key parameter, to which whirl flutter is extremely sensitive and which needs to be validated. Therefore, aeroelastic
models are used. The important experiments were carried out in NASA Langley by Reed, Bennett, Kvaternik and many
others [5 - 10]. Experimental research into whirl flutter is also reported in [11]. A comprehensive description of whirl
flutter experimental research is provided in [12].

VZLU's previous experimental activities include aeroelastic wind tunnel testing in the frame of the Czech aircraft
structures certification. Many experiments were carried out; however, these experiments did not include a rotating
propeller. Aeroelastic models, that were formerly used for certification purposes, are currently often rebuilt, and
utilized as research demonstrators for research of novel concepts, systems, methods, etc. An example of such a
utilization is the model of the L-610 Czech turboprop commuter aircraft. The developed research demonstrator
represents the half-wing and engine of a typical commuter turboprop aircraft structure. The model has three options:
1) The standard linear model with engine attachment with four degrees-of-freedom, 2) The nonlinear model with
nonlinear attachment of the engine in pitch and nonlinear aileron actuation [13, 14] and 3) The whirl flutter model (W-
WING) with a rotating propeller for investigation of the whirl flutter phenomenon [15 - 17].

The new option of the last demonstrator, that is described in this paper is a sting-mounted nacelle with a motor and
propeller (W-STING). The demonstrator is utilized for investigation of a propeller aerodynamic derivatives. This paper
includes the description of the mechanical concept of the demonstrator and the methodology of experimental
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investigation of propeller aerodynamic derivatives.

2. Theoretical Background

The principle of the whirl flutter phenomenon is outlined on a simple mechanical system with two degrees-of-freedom
[12]. The propeller and hub are considered to be rigid. A flexible engine mounting is substituted as a system of two
rotational springs (stiffness K, Ke), as illustrated in figure 1. Such a system has two independent mode shapes of yaw
and pitch, with respective angular frequencies of @ and we. Considering the propeller rotation with angular velocity
Q, the primary system motion changes to the characteristic gyroscopic motion. The gyroscopic effect causes two
independent mode shapes to merge into whirl motion. The propeller axis develops an elliptical movement. The
trajectory of this elliptical movement depends on both angular frequencies @ and we. The orientation of the propeller
axis movement is backward relative to the propeller rotation for the lower-frequency mode (backward whirl mode) and
is forward relative to the propeller rotation for the higher-frequency mode (forward whirl mode). Because the yaw and
pitch motions have a 90° phase shift, the mode shapes in the presence of gyroscopic effects are complex.

Figure 1: Gyroscopic system with a propeller.
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Figure 2. Stable (a) and unstable (b) state of gyroscopic vibrations for the backward flutter mode.

The described gyroscopic motion causes the angles of attack of the propeller blades to change, which consequently
leads to unsteady aerodynamic forces. These forces may, under specific conditions, induce whirl flutter instability. The
flutter state is defined as the neutral stability with no damping of the system, and the corresponding airflow (Vo = VFL)
is called the critical flutter speed. The possible states of the gyroscopic system from a flutter point of view for the
backward mode are explained in figure 2. Provided that the air velocity is lower than a critical value (Vo < VFL), the
system is stable, and the gyroscopic motion is damped. If the airspeed exceeds the critical value (Vo > VFL), then the
system becomes unstable and gyroscopic motion is divergent.

The analytical solution is intended to determine the aerodynamic force caused by the gyroscopic motion on each of the
propeller blades. The presented equations of motion were derived for the system shown in figure 1 using Lagrange's
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approach. The kinematical scheme including gyroscopic effects is shown in figure 3. We select three angles (¢, ©, ¥)
as the independent generalized coordinates. The propeller angular velocity is considered to be constant (p = 21). The
rotating component is assumed to be cyclically symmetric with respect to both mass and aerodynamics (i.e., a propeller
with a minimum of three blades). Non-uniform mass moments of inertia of the engine with respect to pitch and yaw
axes (Jz # Jv) are also considered.

Figure 3: Kinematical scheme of the gyroscopic system

Considering small angles, the equations of motion become:
Jv0 + (Kove/w)0 + JxQW + Ko© = Myp — aP,
J7¥ + (Kgye/w)¥ + JxQ0 + KgW = Myp + aPy 1)
Propeller aerodynamic forces (right-hand side of eqgn. 1, see also figure 3) are determined using aerodynamic
derivatives [3, 18]. Neglecting the aerodynamic inertia terms, the equations for the propeller's dimensionless forces
and moments may be expressed as follows:
Py = qS (cyu¥" + 00" + yq(0°D/2V)) Py = qS (cou®" + c;00" + ¢, (¥'D/2V))
Myp = gSD (Cry¥" + Cq(0°D/2V))  Myp = qSD (Co0®” + ¢ (¥7D/2V)) @)

Where g is a dynamic pressure, S is a propeller disc area, D is a propeller diameter and V is an airflow velocity. The
aerodynamic derivatives (c-terms) are defined as follows:

cyo = 0¢y /00" cypy = c, /OV"  cyq =0c,/(0D/2V) ¢y = dc,/0(¥D/2V)
€20 =0c,/00" cpp = 0c, /0¥ cyq =0c,/0(OD/2V)  cp = 0c,/0(PD/2V)
Cmo = 00, /00" Cpy = 00,y /0¥"  Cpgq = 8¢, /0(OD/2V)  Cppy = Bcy, /(WD /2V)
Cno = 00, /00" Cpyp = 8¢, /0" Cyq = 8¢, /0(OD/2V) ¢y = By, /O(WD/2V) (3)

Considering the symmetry (or antisymmetry), we can reduce the number of derivatives as follows:
Cz¥ =Cyo ; Cm¥ =-Cno ; Cmg = Cnr ; Czr = Cyq ; Cz0 = -Cyw ; Cn¥ = Cmo ; Cmr = ~Cng ; Cyr = -Czq 4)

In addition, we can neglect the negligible derivatives: Cmr = -Cnqg= 0 and cyr = -Cq = 0. Finally, we obtain six independent
derivatives: Cze, Cmo, Cz¥, Cm¥, Cmq and czr. The first four ones may be investigated experimentally.



DOI: 10.13009/EUCASS2023-330

Aeroelastic Demonstrator and Methodology for Experimental Investigation of Propeller Aerodynamic Derivatives

Final solving for the critical (flutter) state assuming harmonic motion has the character of an eigenvalue problem. The
final whirl flutter matrix equation can be expressed as:

[—wzwh jw[[omehqwasé[DA]}+([K]+qupr[KA])]m={o} ®

©

The critical state emerges when the angular velocity o is real. The critical state can be reached by increasing either Ve
or Q. Increasing the propeller advance ratio (Vo /(2R)) has a destabilizing effect. Another important parameter is the
distance between the propeller and the node points of the engine vibration modes. Structural damping is a significant
stabilization factor, while in contrast, the influence of the propeller thrust is negligible. The small influence of the
propeller thrust derives from the fact that the variance of the aerodynamic derivatives of the thrusted propeller and
windmilling propeller can be high in the low-speed region, but at high velocities (where whirl flutter is expected), the
variance is less than 5% [6]. The most critical state is we = wy, when the interaction of both independent motions is
maximal, and the trajectory of the gyroscopic mation is circular. Considering rigid propeller blades, the whirl flutter
inherently appears in the backward gyroscopic mode. A special case of eqn. 5 for @ = 0 is gyroscopic static divergence,
which is characterized by uni-directional divergent motion. The described mathematical model that considers a rigid
propeller is obviously applicable to conventional propellers, for which the propeller blade frequencies are much higher
compared to the nacelle pitch and yaw frequencies.

3. Aeroelastic Demonstrator (W-STING)

Aeroelastic demonstrator for investigation of a propeller aerodynamic derivatives (W-STING) represents a
sting-mounted nacelle with a motor and propeller. The demonstrator includes two degrees-of-freedom (engine pitch
and yaw). For the measurement, just a single degree-of-freedom is used and other one is mechanically blocked. The
stiffness parameters in both pitch and yaw are modelled by means of cross spring pivots with changeable spring leaves.
Stiffness constants are independently adjustable by replacing these spring leaves. The leaf spring thickness ranges from
2.0 to 3.5 mm. The corresponding effective stiffness of the pitch hinge ranges from 246.4 to 1320.5 Nm.rad™* and the
engine pitch frequency ranges from 1.96 to 4.54 Hz. Both pivots can be independently moved in the direction of the
propeller axis within the range of 0.15 m to adjust the pivot points of both vibration modes. The demonstrator is capable
of simulating changes of all the important parameters influencing the whirl flutter. The inertia of the engine is modeled
by the replaceable and movable (sliding) weight. It enables either to change the position of the center of gravity, or to
preserve the center of gravity position in case the pivot stations change. The range of balance weight stations is 0.208 m.
The plastic nacelle cowling is manufactured using the 3D print technology.

Figure 4: W-STING demonstrator, uncoated nacelle with motor and propeller (1 — sting attachment; 2 — yaw
attachment; 3 — pitch attachment; 4 — motor; 5 — propeller; 6 — massbalance weight; 7 — thrust measurement cell).
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Figure 5: W-STING demonstrator, uncoated nacelle with motor and propeller, blocked yaw, and pitch degree-of-
freedom.

Figure 6: W-STING demonstrator, coated nacelle with motor and propeller.

The gyroscopic effect of the rotating mass is simulated by the mass of the propeller blades. Two sets of blades made
of duralumin and steel are available. The polar moment of inertia of propeller with duralumin and steel blades is 0.0266
kg.m? and 0.0659 kg.m?, respectively. The propeller with D = 0.7 m represents a scaled-down real Avia V-518 5-blade
propeller. The propeller blades' angle of attack is adjustable at the standstill by means of the special tool. The propeller
is powered by an electric motor. The demonstrator sensor instrumentation includes measurements of both pitch and
yaw angles using strain-gauge sensors and the measurement of both pitch and yaw pivot moments using the balance
cell. In addition, propeller parameters (thrust, rpm, etc.) are measured as well. The system is controlled by the special
in-house LabVIEW-based SW tool. The demonstrator design drawing is shown in figure 4. Figure 5 shows the state
with blocked yaw and pitch degrees-of-freedom. Finally, figure 6 demonstrates the state of coated nacelle.
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4. Methodology of Measurement

The static equations for the engine and propeller pitch and yaw deflection may be (from eqn. 1) expressed using the
total moment-related derivatives (denoted by *) as:

k%0 = k(cpe® + cip?) k¥ = k(cy¥ + C,60) (5)

Note that the relations c;,,g = ¢y and ¢,y = —C; given by eqgn. 4 were used in the latter equation. For determination
of cme (pitch moment due to pitch angle) and cze (vertical force due to pitch angle) derivatives, the pitch-only
arrangement of the demonstrator is used. Hence, for ¥ = 0, the total pitching moment coefficient (c;,) may be expressed
as:

cm = (Ko®/qSD) (6)

Where Ke® is the measured pitch pivot moment. The measurement is performed varying the pitch angle (by
manipulator) and the moment is evaluated with respect to the pitch angle (®). The slope of the measured curves is the
reference total pitch moment due to pitch angle derivative (c;,g)- T0 separate the force and moment contributions to
the total pitch moment, two configurations varying the distance between the gimbal axis and the propeller plane (a)
are measured. The equations are:

Cme1 = Cme — (a1/D)c,e Cmoz = Cme — (@2/D)ce (7

And the final expressions for the aerodynamic derivatives become:
Cme = (1/(‘12 - a1))(azc:ne1 — 1 Cme2) Czo0 = (D/(az - al))(cr*nG)l — Cmoz) (8)

For determination of cmy (pitch moment due to yaw angle) and czw (vertical force due to yaw angle) derivatives, the
yaw-only arrangement of the demonstrator is used. Hence, the total yawing moment coefficient (c;,") may be expressed
as:

e = (KgW/qSD) = (cru¥ + €100) )

Where Ke¢W is the measured yaw pivot moment. The measurement is performed varying the pitch angle (by
manipulator) and the moment is evaluated with respect to this pitch angle (®). The slope of the measured curves (cye
and eqgn. (9) are used to obtain the reference yaw total moment due to pitch angle derivative (c;,g) that is:

cho = (Cro — crw(¥/0)) (10)

The yaw-to-pitch angle ratio (‘¥/®) is constant just for a given blade angle and dynamic pressure. Since the (‘¥/®) ratio
is dynamic pressure dependent, the yawing moment coefficient (c},") is dynamic pressure dependent as well. The
reference total yaw moment due to yaw angle derivative (c;y) is obtained using the antisymmetry (egn. (4)) as
Chw = Cpme- Similarly, we use ¢, = —c,y to obtain the reference total pitch moment due to yaw angle derivative
(Craw)- Separation of (c;,y) to its components (c,,y) and (c,y), i.€., the separation of force and moment contributions
is carried out similarly as mentioned above, i.e., by measuring of two configurations varying the distance between the
gimbal axis and the propeller plane (a). The final expressions for aerodynamic derivatives are:

Cmy = (1/(‘12 - a1))(a15r*l@z — ayChe1) Crp = (D/(az - ‘11))(6:1@2 — Crot1) (11)
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5. Conclusion and Outlook

The paper deals with the mechanical concept of the aeroelastic demonstrator for the measurement of a propeller
aerodynamic derivatives (W-STING). The demonstrator represents a sting-mounted nacelle with the engine and
thrusting propeller. The demonstrator’s concept allows adjusting of all main parameters influencing whirl flutter. A
broad testing campaign in the VZLU 3m-diameter wind tunnel is planned. The test schedule includes the measurement
of four aerodynamic derivatives. Secondary variable parameters include the airflow velocity (dynamic pressure) and a
blade angle of attack. The experimental results will be subsequently utilised for verification of the analytical models
and computational tools [19, 20] that will be used for development of the new power plant system, characterised as an
open-fan concept, utilised for a new generation short-medium range turboprop aircraft.
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