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Abstract 

An investigation was conducted to evaluate the effectiveness of a passive gust alleviation device 

(PGAD) installed in a flying-wing aircraft of 62.3m wing span at large swept back angle. It was 

performed by numerical analysis and validated by wind-tunnel test of a 1:25 reduced scale physical 

model of dynamic similarity to the full-scale aircraft. The 1-cosine gust model with a range of gust 

parameters specified in the airworthiness regulation CS-23 was taken in the gust response analysis 

that led to 7~9% gust alleviation results by employing the PGAD. The gust response dominated by 

the first three modes of the aircraft was most critical in the frequency close to the first bending mode 

of the wing. The wind-tunnel test model was designed and manufactured based on dynamic scaling 

law, and proved to be of excellent dynamic similarity by the deviation of less than 5.5% between the 

first three modes of the physical model measured by vibration test and the full-scale aircraft model. 

The wind tunnel test results show that the gust response of the model in the specified range was 

reduced by 8.3~14.3% according to the measured wing tip deflection associated with the PGAD 

oscillation amplitude at 4.0°~15.5°. The present study shows that the numerical analysis of gust 

response and alleviation of a full-scale aircraft installed with PGAD can be validated by wind tunnel 

test of a scaled physical model with dynamic similarity. 
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1. Introduction 

To improve aerodynamic efficiency and performance, a High-Altitude Long-Endurance (HALE) aircraft 

normally adopt a tailless flying-wing configuration with high aspect ratio (APR) wing [1,2]. As a 

consequence, the wing structural flexibility and response to gust load will increase and lead to 

degradation of aeroelastic stability, flight controllability and structure failure [3]. Although 

carbon/epoxy composite materials of high specific modulus and strength [4] are usually employed to 

enhance the structure integrity, gust load alleviation is of great importance for such lightweight and 

flexible wing structures. 

Passive and active technologies for gust alleviation have been investigated in previous research and 

some applications. Gust alleviation of an aircraft by active control is normally operated through the 

wing leading edge (LE) or trailing edge control surfaces where advanced flight control systems [5] can 

be employed. The Active Lift Distribution Control System developed in C-5A Galaxy is generally 

considered as the first application of active gust alleviation strategy [6], where bending moment of 

the wing was reduced by using the aileron as the control device. Gust response was successfully 

reduced by 50% for the B-2 Stealth Bomber by combining the elevators and gust load alleviation 

surfaces [7]. According to Frederick et al. [6], 81% gust load reduction was achieved for a wind turbine 

blade with a rapidly actuated trailing-edge flap by using simple feedback control. Making use of the 

piezoelectric transducer, gust load alleviation with considerable attenuation of bending moment at 

the wing root was numerically and experimentally studied by Versiani et al. [8]. A mixed feedforward 

and feedback control was investigated by Alam et al. [9] on a lightweight flexible blended-wing-body 

aircraft. The results showed that the gust load alleviation system was significantly improved with the 

engagement of the feedforward controller. Li and Qin [10] used circulation control via blowing over 

airfoil trailing-edge to alleviate the gust load. The numerical simulation showed that the circulation 

control can effectively alter the lift disturbance caused by gust, while keep the lift coefficient constant 

by imposing dynamically adaptive momentum coefficient of the jet flow. 

As an alternative means, passive control system is considered as a simpler, more reliable and 

potentially more efficient approach for gust alleviation although it is usually designed to respond in a 

narrow frequency band. A classical passive system was proposed by Roesch and Harlan [11] for gust 

load alleviation by making use of the coupling between flaps and a couple of mass balanced auxiliary 

wing. In this study, only vertical gust was considered and satisfactory result of gust alleviation was 

achieved. Passive gust alleviation has attracted more attentions in recent years when developing 

unmanned air vehicles of various configurations and flexible airframes to meet aeroelastic challenge. 

A passive twist wing-tip as a gust alleviation device was studied in 2008 by Miller et al. [12,13] for a 

jointed-wing sensor-craft. Numerical analysis has demonstrated the effectiveness of the device for 

gust response alleviation of the sensor-craft and also a large transport aircraft by Guo et al. [14,15] 

subject to the aeroelastic stability constraint. Castrichini et al. [16,17] proposed a passive folding wing-

tip with a nonlinear spring to allow the device response to excessive loads. Significant gust reduction 

was also achieved according to the numerical analysis. Wind tunnel test of a prototype model of the 

passive folding wing-tip was conducted by Cheung et al. [18,19] to reveal the effectiveness of the 

device for gust load alleviation. 

The passive twist wing-tip has been further developed as a specific device, known as Passive Gust 

Alleviation Device (PGAD), for gust alleviation of a flying-wing aircraft [14,15,20]. In the initial study, 

attention was focused on optimization of the flying-wing aircraft and the key parameters of the PGAD 

design subject to multi-constraints [14]. The study was later extended to the influence of the PGAD 

on the body freedom flutter of a scaled flying-wing aircraft [20]. Since the benefit and effectiveness 

of the PGAD has been well evaluated by numerical analysis, a forward step is necessary to 

demonstrate the feasibility of employing PGAD for gust alleviation by experiment.  
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A physical scaled model is usually taken in wind tunnel test to measure aerodynamic characteristics 

of the original full-scale wing or aircraft. To measure the aeroelastic response of a wing or aircraft 

through wind tunnel test however, the scaled model should be designed and built to represent the 

dynamic and aeroelastic characteristic of the full-scale model. Two scaling methods have been 

developed for such an aeroelastically scaled model for wind tunnel test. The classical method for 

aeroelastic scaling based on dimensional analysis was presented by Bisplinghoff et al. [21]. In this 

method, the stiffness and mass characteristics of the full-scale model are estimated first, and then 

scaled to the reduced model size according to the model scaling factors. Following this method, Yusuf 

et al. [22] and Allen et al. [23] created a full-scale beam model to match the stiffness of the original 

detailed FE model first; the stiffness and mass of a scaled wind tunnel model were subsequently 

obtained according to the dynamic scale factors. To satisfy the dynamic scaling requirements, varying 

beam cross-section and lump mass along the wing span were chosen when building the physical scaled 

model [22]. The second method is actually an extension of the first one by employing an optimization 

process to improve the design of an aeroelastically scaled wind tunnel model [24–26]. In this method, 

the key geometric parameters of the scaled model, such as sizes of the cross-section of a beam 

segment, are taken as the design variables; while the desirable static or dynamic behaviour, such as 

static deflection, buckling or mode shapes to match the full-scale model results, are set as the 

objectives; by optimizing the design variables, a minimize difference of the structural behaviours 

between the full-scale and reduced scale models can be obtained. The design process for stiffness and 

mass data was divided and operated in separate stages in the study by French and Eastep [24] where 

a sample wing structure was designed, manufactured and tested. A systematic study to build an 

aeroelastic scaled model based on this method was also carried out by Ricciardi et al [25]. 

In the present investigation, effort has been made to verify the numerical model and analysis applied 

to the flying-wing aircraft with the PGAD by wind tunnel test. Firstly, the gust response and alleviation 

of the full-scale flying-wing aircraft of 62.3m wing span by employing PGAD was evaluated in 

compliance with the airworthiness CS-23 [27]. Secondly, a 1:25 scaled model of dynamic similarity to 

the full-scale aircraft was designed and built to best represent the full-scale aircraft with optimized 

structure and the PGAD for wind tunnel test. Finally, wind-tunnel test was performed to assess the 

feasibility and validate the analytical method used for evaluating the PGAD gust alleviation of the 

flying-wing aircraft.  

2. The flying-wing aircraft and gust alleviation with the PGAD 

2.1 The flying-wing aircraft and PGAD 

The full-scale flying-wing aircraft (half span planform) with the landing gears, engine and fuel tanks 

considered in the present study is shown in Fig.1(a), and the basic design data is listed in Table 1. The 

aircraft is of the feature of tailless, a large sweep angle and high aspect ratio outer wing with a PGAD 

of 2m length installed at each of the wing-tips as illustrated in Fig. 1(b). 

The aircraft structure was divided into three sections namely the inboard wing from the centre of the 

body to the kink section, outboard wing and the PGAD. A multi-spar airframe layout was opted for the 

inboard wing, which is measured 10.8m from the body centre to the wing kink section as shown in 

Fig.1(a); a conventional two-spar layout was chosen for the outboard wing of high aspect ratio where 

the front and rear spars are located at 15% and 75% of the local chord respectively. 



4 

 

                

(a)  (b) 

Figure 1. (a) half of the flying-wing aircraft planform and (b) the PGAD installed at the wing-tip. 

Table 1. Some technical data of the flying-wing aircraft 

Wing span (m) 62.3 Aircraft projected area (m2) 197.07 

Fuselage length 

/ wing root chord (m) 
14.71 

Outer wing chord 

(from y = 10.8 m) 
4.57 

Mean chord (m) 6.33 Sweep angle of LE (°) 30 

MTOM (full fuel, kg) 55,350 OEM (empty fuel, kg) 23,350 

Engine mass (kg) 2,000 Landing gear mass (kg) 2,200 

Cruise speed VC (m/s) 192 Diving speed VD (m/s) 230 

Cruise altitude (m) 18300 Wing aerofoil NACA 4415 

 

As shown in Fig.1(b), the PGAD was mounted at the wing-tip through a shaft and a torque spring. By 

locating the shaft ahead of the pressure centre of the device, a nose down rotation was inherently 

generated as a response to the aerodynamic moment produced by gust load and counterbalanced by 

the spring. As a result, the passive rotation of the PGAD would reduce the excessive gust load acting 

on the wing. To prevent the interaction with the wing, the root section of the PGAD was in parallel to 

the stream line as shown Fig.1 (b). When the PGAD was locked, it acted as an integral part of a fixed 

wing. 

2.2 The aerodynamic and structure analysis  

The aerodynamic analysis for the whole aircraft was performed by using computational fluid dynamics 

(CFD) method, and compared with vortex lattice method, panel method and lifting line theory as 

shown in Fig. 2. The trailing edge vortex at the wing kink region as the 3D effect was captured by the 

CFD simulation as shown in Fig.2(a). This flow field feature revealed the significant pressure drop and 

caused lift reduction in the spanwise lift distribution as shown in Fig.2(b). Since this feature could not 

be captured by the low fidelity aerodynamic methods for this particular aircraft, the CFD method was 

chosen to calculate the aerodynamic force for subsequent structural analysis and optimization. An 

angle of attack (AoA) = 5° was set at the wing root since the maximum lift to drag coefficient ratio 

(CL/CD) is corresponding to =5° according to the drag polar of NACA4415 airfoil. The aerodynamic 
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force was obtained to meet the lift requirement for the aircraft at cruise Mach number 0.65 in the 

condition of 20% fuel consumption from the MTOM case. 

            

(a) (b) 

Figure 2. (a) Flow field at the wing kink region, (b) span-wise lift distribution by different methods 

Based on the aerodynamic results, the wing structure was analysed and optimized subject to buckling, 

strength, strain and flutter constraints. The aircraft structure was made of carbon fibre composite 

IM7/8552 of ply thickness 0.13mm with material properties in the usual notations listed in Table 2. 

Symmetrical layup was adopted for the laminate of structural component such as spar and rib webs, 

flanges, stringers and skins.   

Table 2. Mechanical property of composite material IM7/8552 

E1               E2               G12     

                 (GPa) 

v12   Xt               Xc              Yt              Yc             S   

                               (MPa) 

 
(kg/m3)   

164             12              5.8     0.3    2724        1690           111           250        120   1570 

In the initial design, the upper and lower wing skins were reinforced by I-section stringers with pitch 

setting to 0.2m and 0.4m respectively. The ribs were arranged perpendicularly to the rear spar with 

constant pitch of 0.75m from centre to the kink and gradually increased to 1m at the tip. Several heavy 

ribs were included to support the concentrated load from the pylon, engine, landing gear and control 

devices. Both landing gear and engine were included and modelled as concentrated masses in the 

location as shown in Fig.1 (a). The remaining system mass was also modelled as lump mass distributed 

along the wing span to represent the flight control devices, fuel tanks and avionics systems. These 

concentrated masses were rigidly connected to the primary structures. Following the preliminary 

design where the component size was determined by buckling and stress analysis, a finite element (FE) 

model of the aircraft structure was built by using Nastran. The whole model was clamped along the 

body centre line.  

In the FE model, the wing skins, ribs and spar webs were modelled using QUAD4 and TRIA3 shell 

elements; the stringers, spar caps, and rib caps were modelled using BAR element. To ensure the mesh 

density is adequate enough, mesh sensitivity analysis was conducted based on three models with the 

overall number of elements nearly doubled from Mesh 1 to Mesh 3 as listed in Table 3. The structural 

analysis results of the wing as shown in Table 3 indicate that the model has converged. When the 

model mesh density increases from Mesh 1 to Mesh 3 for example, the deflection difference is only 

0.3%; the maximum failure index (FI) difference (lower skin) was reduced from 10% to 2.2%; the 

maximum strain difference (lower skin) was reduced from 6.7% to 3.1%.  
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Table 3. Mesh density and structure analysis results of the FE model 

 Mesh 1 Mesh 2 Mesh 3 

Nominal element size (mm) 200 150 100 

Number of Elements 19169 29657 63130 

Number of Nodes 11010 19334 47106 

Deflection 2.56 m 2.56 m 2.55 m 

Upper skin failure index (FI) 0.51 0.52 0.53 

Upper skin strain 3320 µε 3460 µε 3520 µε 

Lower skin failure index (FI) 0.81 0.89 0.91 

Lower skin strain 5200 µε 4850 µε 4700 µε 

 

Optimization of the wing-box structure made of carbon/epoxy was performed by using the gradient 

based optimizer built within Nastran. The objective is set to minimize the structural weight 𝑊(𝑥) 
subject to multi constraints, which can be written in the general form of an optimization problem, 

Minimize     𝑊(𝑥) 
Subject to strain ≤ 3500 𝜇𝜀 (<2% accuracy tolerance) 

                     𝐹𝐼 < 1.0 

                     𝐵𝐿𝐹 ≥ 1 

                     𝑉𝑓 ≥ 1.15𝑉𝐷 

(1) 

where 𝜇𝜀 and FI represents the micro strain and failure index respectively, 𝐵𝐿𝐹 is buckling factor, 𝑉𝑓 

is flutter velocity and 𝑉𝑓 ≥ 1.15𝑉𝐷 (the diving speed VD=230 m/s, see Table 1) is a constraint to satisfy 

the airworthiness requirement. By using Nastran Sol 200, the damping factor for each of the modes 

was calculated as part of the flutter analysis to influence the search direction of the design variables 

during the optimization process. The wing structure was divided to 11 sections along the span as show 

in Fig. 3 (a). The design variables 𝑥 include the ply thickness and fibre angles of the upper and lower 

skins of the 11 sections. As the results, the upper skin met the buckling constraint condition under 

limit load, while the lower skin laminate satisfied the constraint of maximum 3500 micro strain (). 

Fig. 3 (b) shows that the maximum strain is 3570  within 2% deviation tolerance at the kink region. 

            

(a)     (b) 

Figure 3. (a) Sections of design variable group (b) strain plot of lower skin (Maximum 3570 με) 
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For the PGAD model, the rib and skin remain the same as the optimized wing structure. The rigid bar 

and CELAS1 element were used to model the PGAD shaft and torque spring respectively. The shaft 

location, spring stiffness, mass and centre of gravity (CG) of the PGAD were identified as the key design 

parameters to alleviate the gust response as studied before [14,20]. In the present study, the values 

of these parameters for the PGAD are evaluated and shown in Table 4 where the location of the CG 

and shaft are measured from the LE. The study has revealed that the PGAD mass and CG has limited 

influence on the gust response, but plays more significant role in flutter characteristic of the wing. 

Table 4. PGAD design parameters for the flying-wing aircraft 

Span (m) Mass (kg) 
CG  

(% of local chord from LE) 

Shaft location 

(% of local chord from LE) 

Spring stiffness 

(Nm/rad) 

2 82 44.7 15 5.8x104 

 

Following the optimal design of the structures and PGAD, mode and flutter analysis was conducted to 

extract the dynamic and aeroelastic characteristics of the flying-wing aircraft with the PGAD integrated 

at the wing tip. In full-fuel condition, the first five modes that dominate the gust response and flutter 

speed were calculated and listed in Table 5. The flutter speed and frequency at cruising altitude were 

predicted as Vf = 356.3 m/s and ff = 3.25 Hz as shown in Table 5, which satisfied the airworthiness 

requirement (Vf > VD x 1.15 where VD is the diving speed as listed in Table 1). In addition, the flutter 

speed at sea level was also predicted as Vf = 248.0 m/s with frequency ff = 2.93 Hz. The V-g and V-f 

plots at sea level displayed in Fig. 4 indicate a strong coupling between the 1st bending, 2nd bending 

mode and the PGAD rotation mode that leads to the flutter speed Vf = 248.0 m/s when the damping 

factor g becomes positive. As the flight speed increases, a coupling occurs between the 3rd bending 

mode and the 1st torsion mode that leads to the second flutter speed at V = 290.10 m/s. It is obvious 

that the flutter is dominated by the coupling between the wing bending and torsion modes, and the 

PGAD rotation mode. Therefore, the CG and mass of PGAD plays a significant role for the flutter 

characteristic of the aircraft. 

For a flying-wing aircraft, body freedom flutter (BFF) phenomenon is a special concern [20] since the 

BFF speed usually occurs at lower flight speed than the classical flutter speed. To ensure no BBF 

would happen for the present aircraft, the flutter analysis was extended to including rigid modes 

(heaving and pitching mode of the aircraft) and the structural modes as shown in Table 5. As the 

results, no body freedom flutter is observed.  

Table 5. Modal and flutter analysis results of the flying-wing aircraft 

Modal characteristics 

Wing 1st bending PGAD rotation Wing 2nd bending Wing 3rd bending Wing 1st torsion 

0.70 Hz 1.93 Hz 3.34 Hz 7.08 Hz 12.87 Hz 

Flutter characteristic 

 Sea level Cruise altitude 

Flutter speed 248.0 m/s 356.3 m/s 

Flutter frequency 2.93 Hz 3.25 Hz 
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(a) (b) 

Figure 4. Flutter speed and frequency of the flying-wing aircraft at sea level: (a) V-g plot (b) V-f plot. 

2.3 The gust response analysis  

A general form of the governing equation for aeroelastic analysis of the aircraft is expressed below. 𝑴𝒙̈ +  𝑫𝒙̇  +  𝑲𝒙 =  𝑭A  +  𝑭g (2) 

where 𝑴 , 𝑫  and 𝑲  represents the mass, damping and stiffness matrix of the aircraft structure 

respectively; 𝒙  represents the special displacement vector; 𝑭𝐴  and 𝑭𝑔  represents the unsteady 

aerodynamic force vector due to dynamic motion and gust load input respectively, which are 

calculated using the Doublet-Lattice Method (DLM) in the Nastran package. As part of the wing 

structure, the PGAD is included in the 𝑴 and 𝑲 model and also the 𝑭𝐴 and 𝑭𝑔 calculations. 

By employing the normal mode method, 𝒙 =  𝝓𝒒 (3) 

where  𝝓  is the mode shape, 𝒒  is the generalized coordinate vector, Eq. (2) can be rewritten in 

generalized coordinate system and transferred from time-domain to frequency-domain as below. −𝜔2𝑴̅𝒒 + 𝑖𝜔𝑫̅𝒒 + 𝑲̅𝒒 = 𝑭̅𝑨 + 𝑭̅𝒈 (4) 

where 𝑴̅ , 𝑫̅  and 𝑲̅  represent the generalized mass, damping and stiffness matrix of the wing 

structure respectively, and 𝑭̅𝑨 = 𝑞∞𝑸̅𝑨 𝒒 

𝑭̅𝒈 = 𝑞∞ 𝑃(𝜔) 𝑸̅𝒈 𝒘(𝜔) (5) 

where 𝑞∞  is the dynamic pressure, 𝑃(𝜔)  is the frequency variation of the gust according to the 

discrete gust profile;  𝒘(𝜔)  is gust downwash matrix, which is a function of frequency and the 

geometry of the aerodynamic model. And details of 𝑴̅, 𝑫̅, 𝑲̅, 𝑸̅𝑨 and 𝑸̅𝒈 can be found in Appendix. 

To obtain sufficient analysis accuracy when solving Eq.(4) in generalized coordinate system, only these 

modes that dominate the gust response and flutter characteristics are selected and included in the 𝝓, 

which are normally a limited number of low order modes. As the result, the size of the Eq. (4) can be 

reduced significantly to gain computational efficiency. 
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In aircraft design, the gust velocity based on a discrete 1-cosine gust profile is expressed below. 

𝑈 = {𝑈𝑑𝑒2 (1 − 𝑐𝑜𝑠 2𝜋𝑆2𝐿𝑔) 0 ≤ 𝑆 ≤ 2𝐿𝑔0 𝑆 > 2𝐿𝑔  (6) 

where 𝑈𝑑𝑒 is the design gust velocity specified in airworthiness such as CS23 [27]; 𝐿𝑔 and 𝑆 is the gust 

gradient (distance) and the distance of aircraft penetrating into the gust respectively. For example, 𝑆 =  𝑉𝑐𝑡 at cruise speed 𝑉𝑐. Thus, the cosine term in Eq. (6) can also be expressed as cos (2𝜋𝑉𝑐𝑡2𝐿𝑔 ) =cos(2𝜋𝑓𝑔𝑡), in which 𝑓𝑔 = 𝑉𝑐2𝐿𝑔 is an equivalent gust frequency (Hz).  

To keep incompliance with the CS-23 airworthiness [27], the most critical response case must be 

identified and evaluated in the range of gust gradient distances 𝐿𝑔 = 9~107 𝑚, and a typical gust 

gradient is 𝐿𝑔 = 12.5𝐶̅, where 𝐶̅ is the mean chord of the wing. In this case, the gust velocity can be 

calculated below. 

𝑈 = {𝑈𝑑𝑒2 (1 − 𝑐𝑜𝑠 2𝜋𝑆25𝐶̅) 0 ≤ 𝑆 ≤ 25𝐶̅0 𝑆 > 25𝐶̅  (7) 

In the present study, two typical gust response cases are considered. In the first case A-1, the typical 

gust gradient for the aircraft is 𝐿𝑔 = 12.5𝐶̅ = 79.13𝑚 , and the equivalent gust frequency 𝑓𝑔 =0.65𝐻𝑧  according to the CS-23. For this critical case where the 𝑓𝑔  is close to the first bending 

frequency 0.70 Hz of the wing, the gust response was calculated at flight speed Mach 0.3 with the 

maximum design gust velocity 𝑈𝑑𝑒 = 17.07𝑚/𝑠 at sea level. In response to the gust, the transverse 

deflection of the wing at span location Y=29.14 m (interface with PGAD) are shown in Fig. 5. In 

response to the gust, the maximum rotation angle of the PGAD reached 12.3° as shown in Fig. 5 (a), 

and the wing deflection was reduced by 7.2% with the result as shown in Fig.5 (b). In the second case 

A-2, gust velocity 𝑈𝑑𝑒 = 4.65𝑚/𝑠  was set for the aircraft at flight speed Mach 0.31 and altitude 

4000m. The gust response results show the wing deflection reduced by 8.7% from 813mm to 742mm 

with maximum PGAD angle of 3.1° as presented in Fig. 5 (c) and (d). 

   

(a) (b) 
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(c) (d) 

Figure 5. Gust response of the aircraft: (a) PGAD rotation angle and (b) wing deflection in case A-1, (c) 

PGAD rotation angle and (d) wing deflection at altitude of 4000m in case A-2. 

3. The full-scale and reduced scale model of dynamical similarity 

Aeroelastic scaling of a model needs to consider both aerodynamic and structural characteristics of 

the original model [21]. Aerodynamic scaling can be achieved by geometrically scaling the 

aerodynamic shape when Mach and Reynolds number is consistent. Structural similitude depends 

upon not only geometrically scaling the structural components but also material scaling requirement. 

In order to design a scaled wind tunnel test model that not only represents the aeroelastic behaviour 

of the full-scale model, but also can be realistically built, a beam-like model is usually adopted in 

practice instead of the original wing-box structure. This will not only simplify the scaling process, but 

also make the manufacture of the physical model feasible in practice. In the present investigation, a 

beam-like scaled model was selected. Therefore, the scaling process is divided into two steps, firstly 

the original FE model was simplified to a full-scale beam-like model that is of the same static and 

dynamic behaviour of the original one, namely Representative Beam Model (RBM); secondly a scaled 

RBM was designed according to the scaling factors. The details are presented in the following sections. 

3.1. A representative beam model and scaling results 

To validate the gust alleviation analysis of the full-scale aircraft model, a scaled RBM was designed 

and manufactured for wind tunnel test. As described above, the design process of the scaled model is 

divided in two steps. In the first step, the original wing structure FE model was simplified to a full-scale 

Representative Beam Model (RBM). Based on the structural configuration of the aircraft as shown in 

Fig. 1, an FE model of the full-scale RBM was created as shown in Fig.6(a). The RBM takes twin-spar 

structural layout for inboard wing and a single spar layout for the outboard wing. The model keeps 

the same sectional bending and torsional rigidities as the original aircraft structure from root to tip 

along the span. The distributed mass in the FE model of the original aircraft structure was also 

simplified by reducing to limited number of lump mass in the RBM as shown in Fig.6(a). The 

concentrated mass of the pylon, engine, fuel and other systems were also included in the RBM 

according to their CG locations.  
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(a) (b) 

Figure 6. FE models of the (a) RBM and (b) scaled beam model 

To ensure the original aircraft structure is best represented by the full-scale RBM, modal and flutter 

analysis of the RBM were performed and compared with the original aircraft structure model as shown 

in Table 6. The deviation of the first three modal frequencies of the full-scale RBM from the original 

aircraft model is less than 3%; the deviation of the higher order modes, the 3rd bending and 1st torsion 

frequency is 8.8% and 5.1% respectively. While the deviation of flutter speed and associated frequency 

(Vf = 262.7 m/s and ff = 3.04 Hz) of the RBM is less than 6% from the results of the original aircraft 

model (Vf = 248.0 m/s and ff = 2.93 Hz). The results indicate that the full-scale RBM provides a 

simplified and accurate alternative of the original aircraft model. 

Table 6. Modal frequency and flutter speed of the original aircraft and the full-scale RBM 

 Mode (Hz) 
Flutter speed 

(m/s)  
1st 

Bending 

PGAD 

Rotation 

2nd 

Bending 

3rd 

Bending 

1st 

Torsion 

Original aircraft 

FE model 
0.70 1.93 3.34 7.08 12.87 248.0 

Full-scale RBM  0.68 1.95 3.36 7.70 12.21 262.7 

In the second step of scaling process, a reduced scale model of the full-scale RBM can be created by 

applying the similitude theory as the basic scaling law. Dimensional analysis is a common methodology 

used to derive the similarity conditions and scale factors according to Coutinho et al [28]. In the 

analysis, the number of parameters is reduced by creating a set of dimensionless products, which are 

called 𝜋-terms in Buckingham Pi theorem. It states that a given relationship among n variables can be 

reduced to an equivalent relationship with a set of n-r dimensionless 𝜋-terms as expressed below, 

where r is the fundamental units included in the variables, Φ(𝜋1, 𝜋2, … , 𝜋𝑛−𝑟) = 0  (8) 

where Φ is called functional relation, which is unnecessarily to be a known or explicit function of the 

system. If 𝜋1 involves the dependent variable for a system or specific phenomena, it can be rewritten 

as a function of the other independent 𝜋-terms, 𝜋1 = 𝑓(𝜋2, … , 𝜋𝑛−𝑟) (9) 

Thus, a general expression for the reduced scale model, or called prototype, and the full-scale model 

can be written as 
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𝜋1𝑝 = 𝑓(𝜋2𝑝, … , 𝜋(𝑛−𝑟)𝑝) (10) 

and 𝜋1𝑚 = 𝑓(𝜋2𝑚, … , 𝜋(𝑛−𝑟)𝑚) (11) 

where the subscript p and m represents the prototype (reduced scale) model and full-scale model 

respectively.  

If the following conditions are proved to be satisfied by analysis or test,  

{ 𝜋2𝑝 = 𝜋2𝑚⋮𝜋(𝑛−𝑟)𝑝 = 𝜋(𝑛−𝑟)𝑚 
(12) 

the reduced scale model is completely similar to the full-scale model, hence the following equations 

stand. 𝑓(𝜋2𝑝, … , 𝜋(𝑛−𝑟)𝑝) = 𝑓(𝜋2𝑚, … , 𝜋(𝑛−𝑟)𝑚) 
or 𝜋1𝑝 = 𝜋1𝑚 

(13) 

The equalities of  𝜋-terms in Eq. (12) guarantee the similarity of the pair of systems, hence are called 

similarity conditions or scaling laws. 

For the flying-wing aircraft, the displacement (h) depends on the length of wing (L), density (𝜌), 

velocity (V), mass (M), mass moment of inertia (𝐼𝑀), spring rotational stiffness (𝐾𝜃), bending rigidity 

(EI) or torsional rigidity (GJ ), and frequency 𝜔 as expressed below. ℎ = 𝑓(𝐿, 𝜌, 𝑉,𝑀, 𝐼𝑀 , 𝐾𝜃 , 𝐸𝐼, 𝜔) (14) 

When choosing the scale factors to build a physical model, the capability of the wind tunnel must be 

considered, such as the size, flow speed and air density. Hence, in the expression (14), the three 

repeating variables 𝜌 , 𝐿  and 𝑉  are selected as fundamental quantities; the unit of mass [M], 

dimension [L] and time [T] taken as the basic unit. By applying Buckingham’s theorem, Eq. (14) can 
be rewritten as ℎ𝐿 = 𝑓( 𝑀𝜌𝐿3 , 𝐼𝑀𝜌𝐿5 , 𝜔𝐿𝑉 , 𝐸𝐼𝜌𝐿4𝑉2 , 𝐾𝜃𝜌𝐿3𝑉2) (15) 

so that the scaling laws for the aircraft are expressed as 

{  
   
  
    
 ( 𝑀𝜌𝐿3)𝑝 = ( 𝑀𝜌𝐿3)𝑚( 𝐼𝑀𝜌𝐿5)𝑝 = ( 𝐼𝑀𝜌𝐿5)𝑚(𝜔𝐿𝑉 )𝑝 = (𝜔𝐿𝑉 )𝑚( 𝐸𝐼𝜌𝐿4𝑉2)𝑝 = ( 𝐸𝐼𝜌𝐿4𝑉2)𝑚( 𝐾𝜃𝜌𝐿3𝑉2)𝑝 = ( 𝐾𝜃𝜌𝐿3𝑉2)𝑚

 
(16) 
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From the similarity condition ( 𝐸𝐼𝜌𝐿4𝑉2)𝑝 = ( 𝐸𝐼𝜌𝐿4𝑉2)𝑚 in Eq. (16), the relation of scale factors for bending 

rigidity 𝜆𝐸𝐼 = (𝐸𝐼)𝑝/(𝐸𝐼)𝑚 and the three repeating variables can be derived as follows, 𝜆𝐸𝐼 = 𝜆𝜌𝜆𝐿4𝜆𝑉2  (17) 

where 𝜆𝜌 = 𝜌𝑝/𝜌𝑚 , 𝜆𝐿 = 𝐿𝑝/𝐿𝑚  and 𝜆𝑉 = 𝑉𝑝/𝑉𝑚 . Here we use 𝜆𝑥  denotes the scale factor of 

physical parameters x, which is a ratio of x between the prototype and the full-scale model.  

Constrained by the size of the low-speed wind tunnel (5x4 ft), a 1:25 scale model was selected. As for 

the air density and velocity, the flight condition for the full-scale model at 4000m and Mach 0.3 was 

taken as the suitable reference. The air density is kept the same as that of the sea level, and the 

corresponding operating flow speed is around 20 m/s. The final result for density and velocity ratios 

adopted in the study are shown in Table 7. The similitude relations for other non-repeating variables 

can be also obtained in similar process with the results summarized in Table 7. 

Table 7. Scale factors for a scaled representative beam model 

 Scale factor Symbol Value 

Repeating 

variables 

Length ratio 𝜆𝐿 0.040 

Density ratio 𝜆𝜌 1.500 

Velocity ratio 𝜆𝑉 0.115 

Non-repeating 

variable 

Mass factor 𝜆𝑀 = 𝜆𝜌𝜆𝐿3 9.600E-5 

Inertia factor 𝜆𝐼𝑀 = 𝜆𝜌𝜆𝐿5 1.536E-7 

Rotation spring 

stiffness factor 
𝜆𝐾𝜃 = 𝜆𝜌𝜆𝐿3𝜆𝑉2  1.268E-6 

Section bending/ 

torsion stiffness 

factor 

𝜆𝐸𝐼 = 𝜆𝜌𝜆𝐿4𝜆𝑉2  5.073E-8 

Frequency factor 𝜆𝜔 = 𝜆𝑉/𝜆𝐿 2.874 

According to the scale law, the ratio of length, density and velocity of the full-scale RBM to the scaled 

model were taken as the fundamental scale factors for the design of the scaled representative beam 

model (RBM), or scaled model in short. These factors and the theoretical solution of the scaled model 

were calculated as listed in Table 7.  

Based on the scale factors listed in Table 7, an FE model of the 1:25 scaled beam-like model was 

created as shown in Fig.6 (b). The spar beam in rectangular cross-section was made of Aluminium alloy 

with Yong’s modulus 𝐸 =  72GPa, Poisson ratio 𝜈 =  0.3, and density  2700 kg/m3. The dimensions 

of the beam with taped cross-section along the span were determined according to the required 

bending rigidity distribution set in the scaling law. The resulting geometric details are presented in 

Table 8. 
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Table 8. Dimensions of the spar cross sections of the scaled model 

 Front spar Rear spar 

 At root At kink At tip At root At kink 

Width (mm) 62.3 15.0 5.6 54.8 15.0 

Height (mm) 10.4 6.2 3.0 9.1 6.2 

3.2. Reduced scale model manufacture and validation 

According to the design details including the materials and dimensions, the 1:25 scaled model was 

manufactured. The spars as the primary structure of the model was first manufactured as shown in 

Fig. 7(a) based on the dimensions displayed in Table 8. The ribs and stringers, leading edge and trailing 

edge of the wing were also designed according to the scaling law to form a CAD model (half span) as 

shown in Fig. 7(b). The stringers were made of balsa wood, and the ribs were made of plywood board 

of thickness 1.5mm for light ribs and 3mm for heavy ribs based on the design. The leading and trailing 

edges were made of high-density foam to keep the aerofoil shape. These components were fabricated 

and assembled onto the spars to form the scaled physical model as shown in Fig. 7(c). Subsequently 

the model airframe was covered by the skin made of Ripmax Lightweight Covering Tissue. The PGAD 

included in the scaled model shown in Fig. 7(c) was also designed according to the scaling law and 

fabricated using the same foam as the leading edge. The PGAD shaft was located at 15% of the local 

chord measured from leading edge and mounted on the front spar through bearings and torsional 

spring at inboard extremity of the shaft. The PGAD can rotate depending upon the spring stiffness and 

external force within 0~20o constraint. 

                  

(a)         (b)     (c) 

Figure 7. (a) manufactured spars (b) CAD model of the structure (c) assembled scaled model. 

To verify the dynamic similarity of the scaled model as shown in Fig.6(b), the first three modes that 

dominant the gust response of the aircraft and flutter speed of the scaled RBM were compared with 

the theoretical solution obtained from the scaling law. As shown in Table 9, the maximum deviation 

of the first three modal frequencies between the scaled RBM and theoretical solution is less than 5.5%; 

the deviation of the 3rd bending and 1st torsion frequencies is 13.1% and 7.4% respectively. In addition, 
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the flutter speed Vf = 33.0 m/s (flutter frequency ff = 8.18 Hz) of the scaled RBM is of 9% difference 

from the theoretical solution Vf = 30.2 m/s (ff = 8.85 Hz) at sea level. 

To verify the dynamic similarity of the scaled physical model as shown in Fig.7(c), vibration test was 

performed using an impact hammer modal testing kid with a commercial dynamic signal analyser. The 

averaging of multiple frequency response function (FRF) results were obtained using 10 impacts per 

measurement location. This resulted in a high quality of impacts during the measurement process. The 

force window was applied to the impact signal to reduce noise, and exponential window was used to 

filter the response signal. It was observed that the coherence overall was close to 1 across the relatively 

small and low frequency range from 0 to 60Hz. In the resulting FRF as shown in Fig. 8, the PGAD rotation 

mode was less clear than those modes of the wing model. This is probably due to the soft spring-shaft 

connection of the PGAD to model structure. The modal test results of the scaled RBM are displayed in 

Table 9. 

 

 

Figure 8. Frequency response function of the scaled test model 

Table 9. Natural frequencies (Hz) of the reduced scale model 

 
Theoretical 

solution a 

Scaled RBM 

(FE results) 

Physical model 

(Test results) 

1st Bending  1.96 1.94 1.94 

PGAD Rotation 5.61 5.30 5.31 

2nd Bending 9.66 9.43 9.56 

3rd Bending 22.11 19.21 20.69 

1st torsion 35.09 32.48 31.12 

a. Theoretical solution of the scaled model is obtained from RBM according to the scaling law. 

The deviation of the first three measured modal frequencies from the theoretical solution is less than 

5.3%; while the deviation of the test data from the FE results of the scaled RBM is less than 1.4%; the 

deviation of the measured 3rd bending and 1st torsion mode from the theoretical solution is 7.7% and 

4.2% respectively. Modal Assurance Criterion (MAC) was used to compare the mode shapes from 

theoretical solution and the scaled model to ensure the dynamic similarity. As shown in Fig.9, the MAC 

results of the first four modes is over 0.98; the MAC of the 1st torsion mode is 0.911. The results 

indicate that the scaled physical model is of high dynamic similarity and sufficient accuracy to 

represent the dynamic behaviour of the original full-scale aircraft model. 
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Figure 9. Modal Assurance Criterion between theoretical solution and scaled model 

4. Wind tunnel test of the scaled model 

4.1 Test setup and instrumentation 

The experiment was conducted in a 5x4 ft open-circuit wind tunnel with maximum airflow speed 

20m/s. The test model was set in horizontal position and mounted on the wall at the wing root as 

shown in Fig.10. A gust generator was mounted in the upstream of the wind tunnel to generate gust 

in sinusoidal profile as shown in Fig. 10(a). The gust generator was made of a couple of blades of NACA 

0015 aerofoil with 0.2m chord and 1m span. The blades were driven by a brushless DC motor to rotate 

periodically in a range of angle amplitude b from 0° to 20°, and frequency fb from 1Hz to 3Hz. An 

accelerometer was installed at the wingtip to record the acceleration in transverse direction. A high-

speed camera was also located in the downstream as shown in Fig.10(b) to capture the dynamic 

deflection of the model in response to the gust during the wind tunnel test. The time history of the 

wing deflection and the PGAD rotation recorded by the high-speed camera were analysed by 

performing a digital post-process of the graphics. 

        

(a) (b) 

Figure 10. Experimental setup in the wind-tunnel: (a) rear view, (b) front view. 

4.2. Wind tunnel test of the scaled physical model 

In the first step of wind tunnel test, static wingtip deflection of -105mm due to the model gravity was 

measured at airflow velocity V=0 that had less than 2% difference from -103mm wingtip deflection by 

FE analysis of the scaled physical model. In the second step, the model test was performed at different 

airflow velocity V=8, 10, 11.7m/s with the PGAD locked in neutral position. The measured 

Camera Gust generator 

Flying wing model 
PGAD 
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corresponding wingtip deflection was reduced from the original -105mm to -64.7mm, -50.4mm and -

36.7mm respectively. The resulting deflection difference was due to the applied aerodynamic force 

coupled with the elastic recovering force against the gravity of the model. In addition, a numerical 

model of the scaled physical model was created and validated by using the wind tunnel test data as 

shown in Fig. 11. The above test data and model was used as reference for gust response test in the 

next step.  

 

Figure 11. The wingtip deflections of the test model and FE analysis at different airflow velocity 

In the third step of wind tunnel test, the PGAD effectiveness for gust alleviation at different airflow 

velocities in the range from V=8m/s to 11.7m/s and gust velocity were evaluated. The gust generator 

was operated to produce gust of sinusoidal profile by rotating the blades at 10°~15° at a frequency 

from 1Hz to 3Hz to produce the required gust velocity. 

In the first test case, the airflow velocity was set at 8m/s and the blade rotating amplitude b =10° 
within the specified frequency range. The wingtip oscillating amplitude and acceleration were 

measured as shown in Fig. 12 (a) and (b). As shown in the results, the wingtip deflection peak value 

occurred at 2Hz, which was close to the 1st bending frequency (1.94 Hz) of the test model. By 

comparing the results with the PGAD on and off, it can be found that the wingtip deflection and 

acceleration at this critical frequency was reduced by 14.3% and 9.0% respectively when the PGAD 

was set in operation. 

 
(a) (b) 

Figure 12. Gust response at airflow velocity 8 m/s and blade rotating amplitude 10° at frequency 1Hz 

~ 3Hz: (a) wingtip deflection amplitude, (b) wingtip acceleration of the test model. 
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Further wind tunnel test was performed in the most critical case where the gust frequency is at 2Hz 

with different gust velocity U that depends upon the airflow velocity V and blade rotating amplitude b. 

The gust responses of the test model were measured at V=8m/s, 10m/s and 11.7m/s, and the blade 

rotating amplitude b =10° and 15° respectively. As shown in Fig. 13, the gust response in terms of 

wingtip deflection was reduced by 8.3%~14.3% with the PGAD rotating amplitude varying between 4.0°~15.5° under the 20° limit setting [14].  

   

(a) (b) 

Figure 13. Wingtip deflection in response to gust generator blade rotating 10° and 15° at 2Hz: (a) with 

PGAD on and off, (b) corresponding PGAD rotating angle. 

The test results show that the gust response varies with the airflow velocity V almost linearly for a 

constant blade rotation amplitude. This is because the gust load is proportional to V2 and the ratio of 

gust velocity to airflow velocity U/V [20]. The PGAD rotating amplitude increases with the V and U, 

which depends upon the blade rotating angle b of the gust generator. Consequently, the gust 

response and alleviation of the model with the PGAD in operation were also increased. However, the 

deflection reduction in percentage may not necessarily increase with the V and U. For example, the 

wingtip deflection was reduced by 5.5mm, 4.2mm and 5mm (14.3%, 8.8% and 8.9%) comparing with 

the PGAD off result in the case of b =10° and V= 8m/s, 10m/s and 11.7m/s respectively; when b was 

increased to 15°, the reduction value of the wingtip deflection was also increased by 6.5mm, 7.3mm 

and 7mm (9.3%, 9.1% and 8.3%). This behaviour is consistent with the effect of passive alleviation 

devices on manoeuvre performance [15] and handling quality [29].  

The above wind tunnel test of the scaled model in the case of V= 11.7m/s, U= 0.534m/s and b =15° is 

corresponding to the case A-2 of the full-scale aircraft model according to the scaling law (see Fig.5(d)). 

In this particular case where the models have the best aeroelastic similarity, the gust response 

reduction by 8.3% measured in the wind tunnel test has very good agreement with the 8.7% gust 

response reduction of the full-scale model. 

5. Conclusions 

For the flying-wing aircraft with PGAD, numerical analysis shows that gust alleviation by 7~9% can be 

achieved in the range of gust velocity and frequency specified in CS-23. The PGAD effectiveness and 

validation of the analysis are demonstrated by wind tunnel test of a 1:25 scaled physical model. The 

scaled model can be designed according to the scaling law and manufactured as a representative of 

the original full-scale aircraft in dynamic similarity, which can be verified by experiment. In this case, 
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the maximum difference of the first three modes that dominant the gust response of the aircraft is 

less than 5.5% between the FE analysis, vibration test and the scaling law based theoretical solution 

of the physical model. The predicted flutter speed of the FE model is less than 9% difference from the 

theoretical solution. The verified scaled physical model of sufficient accuracy in dynamic similarity to 

the full-scale model can be used in a wind-tunnel test for gust response measurement. 

In the wind tunnel test, a gust generator was manufactured and located in the upstream to produce 

gust velocity in sinusoidal profile in the range of frequency 1Hz ~ 3Hz. Similar to the full-scale aircraft, 

the most critical case appeared at gust frequency 2Hz that was close to the 1st bending mode of the 

scaled model (1.94Hz). The wind tunnel test shows that gust response was reduced by 8.3%~14.3% 

at gust frequency 2Hz and airflow velocity 8m/s ~ 11.7m/s with the PGAD oscillated at 4.0°~15.5°. 
The wind tunnel test conditions for the scaled model can be set to best represent a gust loading case 

of the full-scale aircraft according to the scaling law. For example, a wind tunnel test case for the 

scaled model was set according to the scaling law to represent the gust case A-2 for the full-scale 

aircraft. The difference of gust response and alleviation results of the two models in this case is less 

than 4.6%. The study presents an approach to design, build and validate a scaled model of dynamic 

similarity with the full-scale aircraft model to evaluate the PGAD effectiveness for gust alleviation by 

wind tunnel test. 

Appendix 

The concrete form of the matrix in Section 2.3 is given as follows. 𝑴̅ = 𝝓𝑇𝑴𝝓; 𝑫̅ = 𝑑𝑖𝑎𝑔{𝜉1 … 𝜉𝑛}, where 𝜉 is the modal damping coefficient; 𝑲̅ = 𝝓𝑇𝑲𝝓; 𝑸̅𝑨 = 𝝓𝑇𝑮𝑇𝑺𝑪𝑨−1(𝑫1 + 𝑖𝑘𝑫2)𝑮𝝓,  𝑸̅𝒈 = 𝝓𝑇𝑮𝑇𝑺𝑪𝑨−1, 

where 𝑮 is the spline matrix to link the nodes of structural mesh and aerodynamic model, 𝑺 and 𝑪𝐴 

represents the integration matrix and aerodynamic influence coefficient matrix respectively; 𝑫1 and 𝑫2 is real and imaginary parts of substantial differentiation matrix respectively; 𝑘 = 𝜔𝑏/𝑉∞ and 𝑏 is 

the reduced frequency and reference semi-chord. 
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