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This paper presents the effects of the passive flow control technique using transition strips on the 

transient aerodynamic stability derivative measured on the MULDICON AVT251 wing. The 

experiments were performed at two configurations; clean wing configuration and the transition 

strips attached to wing leading edge. MULDICON wind tunnel model was designed and fabricated 

in UTM based on the AVT251 design. The dynamic measurements were carried out in the Universiti 

Teknologi Malaysia Aerolab wind tunnel for Reynolds number of 0.3 × 106 & 0.475 × 106 . 

MULDICON model was confined to oscillate with a single degree of freedom in yawing motion. 

The aerodynamic stability derivatives 𝐶𝑛𝛽
& 𝐶𝑛𝑟

 are measured as aerodynamic stiffness and 

damping by extracting the stiffness and damping of the dynamic oscillating rig system. Springs of 

different stiffness are used to vary the oscillation frequencies with the reduced frequency range of 

0.004 − 0.08. The unsteady aerodynamics effects are examined for both wing configurations. The 

angle of attack varies from 𝛼 =  0o  to 20o by comparing the transient measurements from the 

dynamic UTM-LST to the steady-state wind tunnel measurements. The dynamic results indicate 

that the aerodynamic stiffness derivative is not constant and exceeds the static values and strongly 

correlates with reduced frequency. The aerodynamic damping derivative is a function of reduced 

frequency as the damping derivatives become more negative with the increase of the reduced 

frequency. The amplification factor for the stiffness derivative is above unity which indicates that 

the steady-state derivative is under-predicted. 
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1. Introduction 

Several extreme flight conditions at a high angle of attack and a large angular rate will be 

encountered by the flying vehicle during the flight of the modern UCAV wing configurations. Several 

factors contribute to the unsteady and highly nonlinear aerodynamics and one of them is associated 

with the low sweep lambda wing UCAV configurations. The Low sweep lambda wing UCAV 

configuration aerodynamic studies are of prime interest due to the complex vortex flow topology 

over the wing surface [1]. The investigation and the estimation of the flow topology and stability of 

the modern UCAV configuration for medium to higher pitch angle, α persists vital to superior 

manoeuvrability and performance [2]. The dynamic aerodynamic studies need to be carried out to 

observe the behaviour of the unsteadiness; this can be done either by wind tunnel experiments or by 

the CFD simulation.  
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Many experiments investigate the static and dynamic testing in the wind tunnel that supports 

the aircraft designers with reliable steady-state and dynamic test data. The experimental setup data 

can be used for the flight characteristics such as stability analysis and the verification and validation 

of the CFD simulations [3].   

2. Experimental Procedure 

To investigate the effects of transition strips on the transient aerodynamic of a generic lambda 

wing, a model of generic MULDICON wing of AVT 251 was designed and fabricated in UTM 

Aerolab. The model has a wingspan of 0.6 meters and consists of three different aerofoils, i.e., 

supercritical Dornier, NACA 64A010 and NACA 65A410 aerofoils. The basic parameters of the wing 

are shown in table 1. The steady state yaw moment coefficients are measured for the yaw angle 𝛽=±20º 

for wind speed of U=20 and 30 m/s for the angle of attack, α=0-20º with the help of 6-component 

external force and moment balance which is capable to log the aerodynamic loads at various wind 

direction by rotation of the wind tunnel (W/T) model via the turntable that is placed underneath the 

wind tunnel floor. 

Table 1. UTM Aero lab MULDICON model parameters. 

Parameters  Details 

Leading-edge sweep,  ∅𝑙𝑒   53° 

Leading-edge sweep,  ∅𝑡𝑒  30° 

Wingspan, b  0.6 m 

Reference chord length, Cref  0.234 m 

Reference surface area, Sref  0.1216 m2 

Root chord, C  0.391 m 

 

During the experiment, the model was installed in the 2 x 1.5-meter test section, as shown in 

figure1.  The model was attached to the potentiometer through a strut support system. Experiments 

were run at the speed speeds of 20 & 30 m/s corresponding to Reynolds number of 0.3 x 106 & 0.475 

x 106, respectively.  The experiments were performed in two main phases. The first phase was the 

experiment without passive flow control technique, namely smooth or clean wing. In contrast, the 

second experiment was the testing where the transition strip was placed at the leading edge of the 

wing, and this set of experiment was called a transition wing. The surface roughness and width of 

this transition strip were 500 microns and 3.5mm, respectively. The unsteady response of the 

MULDICON wing can be studied experimentally at various pitch angles, α, with the help of a single 

degree of freedom (pure yaw motion) torsion system, as shown in figure1. The dynamic oscillatory 

system can find out the transient aerodynamic stability derivatives (𝐶𝑛𝛽
& 𝐶𝑛𝑟

) and is mounted under 

the wind tunnel test section. The wind tunnel model is constrained to rotate at the pivot point to 

obtain the yaw oscillation motion. The dynamic oscillatory rig facility approach to finding out the 

dynamic stability derivatives is cost-effective and efficient [14].  

 The springs of different stiffness are used to vary the oscillation frequency to obtain 

different yaw damping and stiffness derivatives [15]. The dynamic rig is highly sensitive to transient 

aerodynamic loads. The estimated specific range of interest for the scaled model oscillation frequency 

(𝑓𝑀𝑂) is 0.21 - 6.34 Hz and the spring stiffness (Ks) is estimated by equation 1.   

 

𝐾𝑠 =
𝐼𝑧𝑧((2𝜋𝑓𝑀𝑂)2

2𝑏2
 (1) 
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Figure 1. Dynamic oscillatory rig inside the wind tunnel. 

 

Figure 2. Flow Diagram for dynamic 𝐶𝑛𝛽
& 𝐶𝑛𝑟

estimation. 
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Ks is the spring stiffness, Izz is the moment of inertia, b is the arm length of the dynamic 

oscillatory rig facility. The springs of the stiffness between 20-1820 N/m are selected, corresponding 

to the desired reduced frequency range for the dynamic testing of the MULDICON wing. Once the 

dynamic rig facility is installed, as shown in figure1, the moving arm will be deflected at a positive 

yaw angle before being released and time histories for the yaw oscillation will be logged. Figure 2 

shows the flow of work that will be followed to calculate the dynamic yaw stiffness derivative 𝐶𝑛𝛽
 

and yaw damping derivative 𝐶𝑛𝑟
. The reduced frequency is calculated by equation 2, where 𝑓 is the 

frequency in Hz is, L is the fuselage length and U is the wind speed in m/s. 

𝑘𝑚 =
𝑓 ×  L

𝑈
 (2) 

3. Results 

Results are attained from the oscillation rig facility with the MULDICON model attached for the 

workable frequency range = 0.21 - 6.34 Hz that corresponds to the reduced frequency range of 0.004-

0.08 specified by the literature [16]. The dynamic stiffness derivatives and the dynamic damping 

derivatives are reported. The stiffness derivative amplification factor is determined by comparing the 

dynamic with steady state measured derivatives. The steady state yaw moment coefficients for the 

clean MULDICON wing and for the configuration with the transition strips attached are shown in 

figure 3 and figure 4 respectively. 

 

Figure 3. Cn versus 𝛽 for Clean MULDICON wing. 

Figure 5 shows the mass moment of inertia for the wind-off condition for the angle of attack, 

𝛼 =  0o. Comparison of Wind off and Wind on with different wind speeds shows the system is 

sensitive to aerodynamic damping where the aerodynamic damping increases as the wind speed is 

increased, as shown in figure 6. Aerodynamic damping also varies with the change in the pitch angle. 

At lower AOA, aerodynamic damping variation with wind speed is relatively slight as the AOA 

increases and the aerodynamic damping increases rapidly with the wind speed increase. The effect 

of aerodynamic damping is visible in figure 6. 
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Figure 4. Cn versus 𝛽 for MULDICON with transition strips attached at leading edge of wing. 

 

Figure 5. Wind off analysis: Torsional stiffness (Nm/rad) versus square of natural frequency (rad/s) 2 

 
Figure 6. Aerodynamic damping (ξ) versus damped frequency (𝑓𝑑). 
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Figure 7. Wind off versus Wind on oscillations for angle of attack = 0° 

Comparison of the Clean MULDICON wing configuration with the MULDICON wing 

configuration with the transition strips attached are given in figure 8. At low reduced frequencies, 

the aerodynamic stiffness derivative 𝐶𝑛𝛽
 are less distributed for both configurations for all angle of 

attack range and the increment the angle of attack leads to higher directional stability for both 

configurations. The increase in the reduced frequency for the clean MULDICON wing configuration 

leads to decreased directional stability, whereas the MULDICON wing with the transition strips 

attached possesses slightly higher directional stability at a higher reduced frequency. 

 

Figure 8. (a) 𝐶𝑛𝛽
 vs Km, Clean MULDICON wing, (b) 𝐶𝑛𝛽

 vs Km, MULDICON with transition strips attached. 

Figure 9 shows the aerodynamic damping derivative variation with reduced frequency for both 

MULDICON configurations with and without the transition strips attached for the angle of attack of 

00,40,80,120,160 & 20º where at a higher reduced frequency, the aerodynamic damping is more scattered 

for all angle of the angle of attack. At lower reduced frequency, the aerodynamic damping is more 

presentable for all ranges of the angle of attack where the yaw damping derivative is increased which 

indicates that the damping of the aircraft is a function of reduced frequency, and it is not a constant 

value. 
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Figure 9. (a) 𝐶𝑛𝑟
versus Km, Clean or smooth MULDICON wing, (b) 𝐶𝑛𝑟

versus Km, MULDOCON 

wing with transition strips attached. 

 

Figure 10. (a) AF(𝐶𝑛𝛽
) vs Km, Clean MULDICON wing, (b) AF(𝐶𝑛𝛽

) vs Km, MULDICON wing with 

transition strips attached. 

The aerodynamic amplification factor AF (𝐶𝑛𝛽
)is a ratio between transient and steady-state 

derivatives measurements. For the most part of the reduced frequency the  amplification factor is 

above unity, as shown in figure 9 which indicates that the estimation of aerodynamic derivatives 

using steady-state measurement technique is under-predicted hence are not applicable to represent 

their response, especially in the transient case. 

5. Conclusions 

 The dynamic results indicate that the aerodynamic stiffness derivative is not constant and 

exceeds the static values and strongly correlates with reduced frequency. The increase in the reduced 

frequency for the range of angle of attack leads to the decrease in directional stability derivative for 

the clean MULDICON wing, whereas the directional stability derivative increases for the 

MULDICON wing with the transition strips attached. The aerodynamic damping derivative is also a 

function of reduced frequency as the damping derivatives become more negative with the increase 

of the reduced frequency. For the higher angle of attack, the damping derivative values become more 

negative, indicating that the damping is increased for the higher angle of attack. Amplification factor 

for the stiffness derivative is above unity which indicates that the estimation of aerodynamic 

derivatives using the steady-state measurement technique is not applicable to represent their 

response, especially in the transient case.  
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