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for Flow over Flexible Cropped Delta Wings 

J. J. Wang* , X. Zhao† and Y. Liu‡

Beijing University of Aeronautics and Astronautics, Beijing 100083, China 

and 

S. O Park§

Korea Advanced Institute of Science and Technology, Korea 

The effect of flexibility on lift characteristics and hysteresis over a series of cropped 
40° delta wings was investigated through force measurement in low speed wind tunnel. It 
is found that the lift coefficient of the homogeneous flexible wings displays a four-stage 
phenomenon with the increase of Reynolds numbers, named as no lift enhancement, lift 
enhancement with hysteresis, lift enhancement without hysteresis, no lift enhancement 
respectively. Furthermore, when lift enhancement occurs, the increment of maximum lift 
coefficient achieves 27%-30% and 26%-35% compared to the case of no lift 
enhancement and the rigid wing, respectively. Meanwhile, a delay in stall is also 
observed in lift-enhancement case. 

Nomenclature 
CL = lift coefficient of the cropped delta wing 
CLMAX = maximum value of CL
c = root chord length of the cropped delta wing; mm 
E = elastic modulus 
f = vibration frequency of the flexible wing; Hz 
s = spanwise length of the cropped delta wing; mm 
t = wing thickness; mm 
t/c = relative thickness of the cropped delta wing 
U∞ = free-stream velocity; m/s 
α = angle of attack; deg 
αSTALL = stall angle of the cropped delta wing; deg 
Λ              =    sweep angle of the cropped delta wing; deg 
υ = Poisson’s ratio 
 

I. Introduction 
ICRO Air Vehicles or “MAVs” have attracted more and more attention since 1990s. Compared to regular 
vehicles, MAVs not only have lighter mass, smaller dimension and lower cost, but also more convenient 

manipulation, less noise, better stealth and more agile maneuverability. Furthermore, accompanied with video 
cameras, chemical sensors, electronics, and communication devices, MAVs have wide practical applications in 
both the military fields such as reconnaissance, weapon delivery, objective predator and the civil fields such as 
environment monitor, nuclear-biochemistry sampler, aerophotograghy, pasture patrol and so on. 
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The wing of MAVs, as the main lift surface, has important influence on MAVs’ total aerodynamics, and has 
been divided into two developing approaches based on rigid wings: fixed (including rotate) wing and flapping 
wing. In previous studies, Waszak1, Smith and Shyy2, and Jenkens et al3 have proposed flexible wings would be 
more suitable than rigid ones for MAVs because of its favorable aerodynamic performance in unsteady 
environment. Flexible wings could change angle of attack, thickness, camber and deform its planform in flight 
so as to accommodate to given conditions. This capability is critical to MAVs, since for flight speed, dimension 
and weight of MAVs, Reynolds number can be changed by more than 30% as a result of wind speed. In addition, 
roll and sideslip could be controlled by the deformation without aileron and rudder, which would reduce the 
vehicle’s mass. Therefore, we believe that flexible wings will play a significant role in the development of 
pragmatic MAVs in future. 

Studies on flexible flapping wings4 and fixed non-slender delta wings (Λ≤55°)5,6 have indicated that 
flexibility has a great influence on lift enhancement and stall delay. Gursul5 reveals that the differences between 
flexible and rigid wings lie in two aspects: (1) span-wise camber deformation caused by flow ; and (2) vibration 
of the wings. For highly swept rigid delta wing, as dihedral angle increases, the effective sweep angle and 
incidence are increased and decreased respectively, which results in a reduction in vortex strength and 
corresponding total lift6. Moreover, if dihedral alone is responsible for the lift enhancement, lift increment will 
appear before stall. On the contrary, it is in the post-stall region that the lift enhancement was obtained, hence, 
the influence of vibration of wing tips should be considered. The vibration energizes the separated shear layer, 
promotes reattachment at high incidences and consequently increases lift. However, at the beginning, the 
vibration frequency is not high enough to provide the benefit sufficiently, which is why lift enhancement is not 
obvious in the pre-stall region, an explanation7 on its mechanism shows that the shear layer downstream of 
vortex breakdown contains more sub-vortices than it does in the region upstream, which affects stall. Further, 
when the 2nd anti-symmetric mode dominates, both the frequency and amplitude of vibration increase. 
Meanwhile, the lift increases due to the increment of vibration energy. Wu’s experiment8 also verified that the 
vibration frequency of wing tips accords with the 2nd anti-symmetric mode when dramatic lift enhancement 
appears on flexible wings. Lift measurement in wind tunnel, visualization of vortex trajectories and PIV 
measurements in water tunnel using an aluminum 50° sweep delta wing model were conducted by Vardaki et al9 
to investigate the possible influence factors on lift enhancement, they pointed out that : (1) the close relationship 
between the 2nd anti-symmetric mode vibrations and lift increment suggests that the anti-symmetric vibration is 
a necessary condition for the lift enhancement to occur; (2) spanwise camber is unlikely to contribute to the lift 
enhancement; (3) the main mechanism for the lift enhancement is the unsteady and reattachment of shear layer, 
flow visualization indicates earlier reattachment for more flexible delta wing; (4) when a wing undergoes roll 
movement with small constant amplitude and increasing frequency, dye flow visualization demonstrates the 
delayed location of vortex breakdown as late as the location at fU∞/c = 1~2, which might be affected by 
streamwise pressure gradient; (5) the time-averaged vorticity flux will increase with oscillation and velocity of 
leading edge. 

Besides, static hysteresis10,11 is evident with the different lift coefficients while increasing and decreasing 
incidences in the lift enhancement region, and it is considered very important for flight control and control 
system designing. The purpose of this paper is to discuss the flexibility and Reynolds number effects on lift 
coefficient and hysteresis over cropped 40° delta wings with different materials and thicknesses. 

 

II. Experimenttal Apparatus 
The models tested are cropped 40° sweep delta wing (Fig. 1) with a chord length c of 181.84mm and a 

trailing edge spanwise length s of 350mm. The model flexibilities were changed with different materials and 
thicknesses. One type is homogeneous wing made of aluminum alloy LY12CZ, which has the following 
material properties: E=74GPa and υ = 0.32. Models of thickness 1mm (t/c=0.55%) and 0.8mm (t/c=0.44%) are 
designed as flexible wings, and model of thickness 3mm (t/c=1.65%) is used as a rigid wing with leading and 
side edges symmetrically beveled at 60°. The other type is heterogeneous wing, which consists of an airframe 
made from 5-layer unidirectional carbon fiber (each layer is 0.12mm thick) using extensible film adhere to the 
frame. The manufacture method is popular in making MAVs. 

The force measurement was implemented in a closed circuit wind tunnel in BUAA, which has an oval work 
section of 1.02m×0.76m inlet and 1.07m×0.82m outlet. Models are supported with a sting at the middle of the 
trailing edge, the experiment wind speed ranges from 10m/s to 29 m/s with turbulent intensity less than 0.3%. 
Reynolds number based on the root chord length of the model is from 1.27×105 to 3.68×105 and the maximum 
blockage is about 4% at α = 40°, thus blockage correction is not made. In order to analyze hysteresis of lift, 
angle of attack is increased from 0°to 40°, then back from 40° to 0° with a step of 1°. 
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III. Results 

Ⅰ. The effect of Reynolds number on lift characteristics 
For the rigid wing (t/c=1.65%), Fig.2 shows the variation of CL with respect to α at different Reynolds 

numbers. In general, the CL curves are the same whether the incidence increases or decreases, so the effect of 
Reynolds number is slight on rigid wing, where no hysteresis is observed. 

For flexible wings, on the contrary, the lift coefficient is very sensitive to Reynolds number. Take the wing 
with t=0.8mm (t/c=0.44%) for example, it can be seen from Fig.3 that, when U∞=15m/s, CL curves while 
increasing and decreasing incidence are still nearly the same, as the case of rigid ones, and smooth in post-stall 
region (αSTALL =18°); as U∞ goes up to 18m/s, something unusual occurs: first, lift coefficient increases 
dramatically at α =18°and continues the trend until α =22°where the CLMAX appears followed by an abrupt 
drop, second, it is suggested that the stall angle and maximum lift are strongly dependent on the way of 
changing incidence when a static hysteresis loop occurs in the lift enhancement region, while no effect of 
hysteresis was observed outside of this region ; as U∞  continuously goes up to 20m/s, lift enhancement still 
exists but without hysteresis loop; finally, when U∞ =24m/s, both lift enhancement and hysteresis surprisingly 
disappear accompanied with a smooth CL curve . Furthermore, a similar result is found for the wing of thickness 
1mm (t/c=0.55%) in Fig.4, the difference is the higher corresponding Reynolds number when similar 
phenomenon comes out ,which is due to less flexibility. 

Apart from homogeneous wings mentioned above, we find there is a little difference for heterogeneous wing, 
as shown in Fig.5. Although lift enhancement exists, no hysteresis phenomenon is seen in this region and the 
extent of lift increment and reduction is relatively gentle. 

All in all, there is a remarkable effect of Reynolds number on flexible wings compared to that on rigid one. 
The deformation and vibration will account for the four-stage phenomenon we measured for the homogeneous 
wings: when Reynolds number is low, deformation is unapparent and without lift enhancement; as Reynolds 
number goes up, deformation is amplified while the flexibility and vibration enable the wing to recovery the 
deformation, so lift enhancement appears with hysteresis; Reynolds number continues increasing, the flexibility 
is not able to recover the deformation, therefore only lift increment occurs; finally, devastating deformation 
brings no lift enhancement, yet, smooth transition and abrupt lift enhancement are observed for the 
heterogeneous wing. As aforementioned, the velocity of wind corresponding each stage is distinct. 

Specifically, lift coefficient also changes with wind velocity increasing from 12m/s to 24m/s in the lift 
enhancement region. Fig.6 reveals lift coefficient experiences a serial variation from smooth to abrupt then back 
to smooth for the wing of 0.8mm (t/c=0.44%) thick. The maximum lift coefficient reaches as high as 0.9709 at 
αSTALL =22°when U∞=19m/s. Moreover, the lift coefficient of reappearing smooth curve at U∞=24m/s is slightly 
higher than those at U∞=12m/s and U∞=15m/s at the same attack of angels but with a 1-3°delay in stall angle. 
Similar results are found for the wing with t=1mm and heterogeneous wing, as shown in Fig.7 and 8, the 
increments of lift coefficient for all flexible wings are demonstrated in Table 1, it is notable that the increments 
are considerable. 

Table1: the lift increment and stall delay for flexible wings 

model 
CLMAX

without lift 
enhancement 

αSTALL
(deg) 

without lift 
enhancement

CLMAX
with largest 
lift 
enhancement

αSTALL(deg) 
with largest 
lift 
enhancement

The 
increment in 
CLMAX

Stall delay 
△αSTALL 
(deg) 

0.8mm  0.7618 20 0.9709 22 27.45% 2 
1.0mm  0.7876 21 1.0225 23 29.82% 2 
C 

(heterogene
ous wing) 

0.8281 19 1.0779 20 30.17% 1 

 

.Ⅱ  The flexibility effect on lift characteristics   
Figure. 9 shows the variations of CL with α  for homogeneous wings with thickness of 0.8mm, 1.0mm and 

3.0mm (corresponding relative thickness t/c=0.44%, 0.55% and 1.65%, respectively ) at U∞=20m/s. It is obvious 
that the curves for the wings with t=1.0mm and 3.0mm are almost the same, the maximum lift coefficient 
achieves 0.77 at α =20°. While lift enhancement appears for the wing with t=0.8mm where CLMAX equals 0.97 
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with the increment of 26% compared to the other two wings at αSTALL=22°. Therefore, the effect of flexibility on 
deformation and vibration plays a significant role in determining aerodynamics at the same wind speed. 

Figure.10 exhibits the variation of CL with α  for homogeneous wings with thickness of 0.8mm, 3.0mm and 
the heterogeneous wing at U∞=17m/s. It can be seen that only the wing with t=3.0mm has no lift enhancement, 
but the linear range of CL versus α  for the heterogeneous wing keeps only up to α =5° with a large lift-curve 
slope. Besides the lift coefficient of the heterogeneous wing surpasses those of homogeneous wings by 15% 
from α =5° to stall angle, the maximum lift coefficient increases of 35.4% compared with rigid wing. Previous 
studies12 indicated that the deformation of the tips of flexible delta wing increases the leading edge incidence 
and decreases the static angle of attack at which the leading edge vortex generates; thereby the lift coefficient is 
enhanced, which is confirmed by above analysis and the data listed in Table 1. 

IV. Conclusions 
A preliminary experiment investigation on the lift characteristics over a series of cropped 40°delta wings is 

performed through force measurement, several conclusions are drawn as below: 
(1) For a homogeneous flexible wing, lift coefficient experiences four-stage variations as the Reynolds 

number increases, which are no lift enhancement, lift enhancement with hysteresis, the lift enhancement without 
hysteresis and finally no lift enhancement regions.  

(2) For the flexible wing at lift enhancement stage, lift coefficient can be improved by about 27%-30% 
compared to the case of no lift enhancement but with a delay in stall; furthermore, the maximum lift coefficient 
keeps on increasing, accompanied with stall delay as the wind velocity goes up in the lift enhancement stage. 

(3) For a given wind speed, the deformation of  flexible delta wings’ tips increases the leading edge 
incidence and decreases the static angle of attack at which the leading edge vortex generates, thereby lift 
coefficient is enhanced. In our experiments, the increment of maximum lift coefficient achieves 26% and 35% 
compared to the rigid wing for the homogeneous and heterogeneous wing, respectively. 
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(a) Schematic of model dimension of homogeneous wings. 

 

 
(b) Schematic of model dimension of heterogeneous wing. 

 
Figure 1. Schematic of model dimension of wings. 
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 Figure 2. Variations of lift coefficient with α for wing with t=3.0mm. 
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(a) U∞=15m/s (b) U∞=18m/s 
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(c) U∞=20m/s (d) U∞=24m/s 

Figure 3. Variations of lift coefficient with α for wing with t=0.8mm at different wind velocities 
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(c) U∞=27m/s  

Figure 4. Variations of lift coefficient with α for wing with t=1.0mm at different wind velocities 

0 10 20 30 40

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2
 

C
L

α

 increasing α
 decreasing α

 

0 10 20 30 40

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

C
L

α

 increasing α
 decreasing α

 
(a) U∞=12m/s (b) U∞=15m/s 
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Figure 5. Variations of lift coefficient with α for heterogeneous wing at different wind velocities 
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Figure 7. Variations of lift coefficient and stall angle 

with α in the lift enhancement region for the wing 
with t=1.0mm at different wind velocities 

Figure 6. Variations of lift coefficient and stall angle 
with α  in the lift enhancement region for the wing with 

t=0.8mm at different wind velocities 
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Figure 8. Variations of lift coefficient and stall angle 
with α s in the lift enhancement region for the 
heterogeneous wing at different wind velocities 
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Figure 10. Comparison of lift coefficient for wings with different materials at U∞=17m/s 
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