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ABSTRACT 

 
The main aim of the present paper is to investigate the influence of multiple winglets on hang-glider climbing 
performance. The study aims to optimize the CL3/2/CD parameter. The investigation was performed both 
numerically and experimentally starting from airfoils and winglet shape design. Given the shape of a real hang-
glider wing under aerodynamic load the first phase of the work concerned the main geometric characteristics of 
winglet design : number of winglets, airfoils, planform shape, twist. A 3D wing model was built and using the 
indications obtained from the design, different sets of winglets were built. The wing model was built to enable 
winglets to be applied to the wing tip without changing the wing span and aspect ratio. The tests carried out on 
the hang glider model showed an improvement in wing performance of about 15%. However, the model 
reproduced a full scale wing flying under aerodynamic load and, according to the model builders, it showed a 
positive twist angle (leading edge up). This could mean that the winglets were more efficient because the 
original wing showed a strong tip vortex, A new model wing with an elliptical planform was therefore built to 
verify this further. The test results on the elliptical wing did not show the same improvement in performance 
obtained with the hang glider model. Nevertheless, compared to the original elliptical wing an improvement was 
still found.  
 
 
1. INTRODUCTION 

 
Ever since man started to think about flying, he has striven to imitate the shape and structure of a bird wing . 
Large soaring birds like the Peruvian condors, are able to soar at very high altitudes in very narrow thermals and 
this is probably in part due to their tip feathers called remiges. These are continuously moved and adapted to 
optimize flying under different flight conditions. Nowadays, composite materials, such as epoxy carbon fibers, 
allow very stiff structures to be built, even slender shapes like remiges. The first investigations on a single 
winglet were performed by Whitcomb [1],[2] in the mid 1970s and it was shown that, if properly designed, the 
winglet can improve efficiency by reducing the induced drag. Many other researchers have investigated their 
behavior, designing winglets for commercial and general aviation aircraft as well as for sailplanes [3].. 
Furthermore, the added friction and interference drag has to be cancelled out by the forward thrust generated by 
the winglet lift. Since this has been proven to work, it is thus possible to extend this concept to multiple winglets. 
The principle is to spread the tip vortex in more vortices of less intesity. A variety of types of multiple winglets 
have been investigated by many authors in the past, such as, Spillman [4],[5],, Zimmer [6], La Roche [7], and 
more recently by Smith [8], [9] and Catalano [10]. The importance of numerical accuracy and the difficulties in 
predicting the effect of winglets on drag using numerical methods have been well illustrated by Smith [11]. 
Different concepts, including box and ring wings, have been thoroughly analyzed by Kroo [12]. 
The main goal of this work is to investigate the influence of multiple winglets on the climbing performance of a 
hang glider. To this end, a set of winglets was designed and tested for application onto a hang-glider wing tip. As 
shown by Smith [8] ,[9] and Catalano [10], it appears that by using an opportunely designed set of remiges it is 
possible to improve wing performance by minimizing the hang-glider sink rateVs (1). This is inversely 
proportional to the endurance parameter CL3/2/CD. The main objective of this work is to improve this parameter.  
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where CL is the lift coefficient, CD is the drag coefficient, S is the reference surface, r is the turn radius, Φ is the 
bank angle and W is the weigth. 
The winglets were designed for the wing of the hang-glider belonging to. Angelo D’Arrigo, a world champion 
hang-glider pilot and record holder. He has flown his hang-glider at 33,000 feet spiraling with condors. The 
ultimate aim of the optimization was to prove that is possible to climb with a shorter wing (equipped with 
winglets) than the original, without losing any climbing performance but with gains in maneuverability. At very 
high altitudes thermals are very narrow and in order to soar in them it is preferable to have a wing with a small 
span in order to maneuver in spirals, but this conflicts with the high aspect ratio required to climb with minimum 
sink rate. The winglets design process was performed using a classical vortex lattice method  [13] to rapidly 
perform computations for many different configurations. The dihedral angle and twist of winglets were the main 
parameters to be optimized during the design phase. The design was carried out using two sets of remiges; one 
made of five and the other of three. The optimization was carried out by replacing part of the wing tip with the 
winglets in order to keep wingspan the same and to preserve essentially the same Aspect Ratio of the ‘complete 
wing’ so that the complete wing and the wing with winglets could be compared accurately. 
Using the information obtained from the design phase, two sets of remiges of five and three winglets were built. 
A wing model on which to apply the winglets was also built. The wing model was designed and built so that a 
part of the wing tip could be extracted and replaced by the set of winglets. A further part of the wing could also 
be extracted and the remiges applied, thereby making it possible to test a shorter wing. The various 
configurations were tested in the wind tunnel of the Department of Aerospace Engineering of the University of 
Naples Federico II. 
The actual wing model produced was characterized by a tip twist angle with positive (nose up) value. The 
builder did this in order to reproduce the real shape of a hang-glider in flight but this feature led to bad load 
distribution along the wing span.  
After the first series of experimental tests we decided to carry out new tests, building another wing model 
characterized by an elliptical shape to ensure an optimal span load distribution. The elliptical wing model was 
built along the same lines as the first, in order to allow a part of the wing tip to be replaced by the set of remiges.  
 
2. REMIGES DESIGN  

 
The underlying objective of the design process was to find the optimal configuration with respect to dihedral 
angle, length and twist of the remiges in terms of the endurance parameter CL3/2/CD. The investigation was 
carried out using a classical vortex lattice method. As stated above, a part of the hang-glider wing was 
substituted with a set of different remiges with different dihedral angles, pitch angles and twist. 
The SD-7032 [14] airfoil was chosen for the remiges. 
Both configurations with two and three remiges were investigated.  
The typical mesh contained 10 panels chordwise and 35 panels spanwise giving about 350 panels for the total 
wing and about 320 panels for the configuration with remiges ( Fig. 1). 

 

    
Figure 1:  grid examples. 
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The span of the remiges was chosen by looking at the distribution of upwash velocities induced in the span 
direction and outside of the cut wing (shorter wing) adjusting the remiges length to obtain same span of the 
complete wing, see also [10]. A remige length of about 17% of the total wing span resulted from this 
investigation. During the numerical investigation many different combinations of dihedral and twist angles were 
tested and compared. The numerical results suggested that it is better to increase the dihedral angle as much as 
possible, in order to maximize the distance between the remiges. As results of this investigations, the remiges 
twist angles were also established.  
As Fig. 2 shows , the numerical investigation forecasts an improvement in endurance of about 17% for the 
configuration with five remiges. For the three-remige configuration the predicted advantage was about 15% for 
endurance parameters. 
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Figure 2: Curve CL vs CD and endurance parameter: Comparison between Short wing and Shortest wing+5 
remiges. 

 
 

3. HANG-GLIDER MODEL :EXPERIMENTAL INVESTIGATION 
 

The experimental tests were carried out in the wind tunnel of the Department of Aerospace Engineering of the 
University of Naples Federico II. The wind tunnel is a closed circuit tunnel with closed test section. The test 
section has the following dimensions: width 2 m, height 1.4 m with a turbulence level of 0.1% and maximum 
speed of 45 m/s.  
Taking into account the dimensions of the test section an experimental semi-span model of the hang glider wing 
was designed and built. The model was built at the ELASIS Fiat Research Center of Pomigliano (NA) using the 
rapid prototyping technique which is normally used to quickly fabricate a scale model of a part or an assembly 
using three-dimensional computer aided design (CAD) data. Rapid Prototyping is a technology directly driven 
by a CAD model, rapidly manufacturing any complex shaped object. 
A 4 cm stand off was interposed between the wind tunnel wall and the model in order to avoid boundary layer 
wall interference on the model. The stand off was assembled on the wing model so that the aerodynamic loads 
on the stand off were not transferred to the wing model [15],[16].  
Aerodynamic forces and moments were measured in the tests. In order to measure these forces, a four-
component strain gages balance (previously designed by the authors) outside the wind tunnel was used.  
The lift load cell has a maximum load capacity of 200 Kg and a sensitivity of 2.0mV/V±10%; drag and pitch 
load cells both have a maximum load capacity of 30 Kg and a sensitivity of 2.0mV/V±5%. The load cell is also 
capable of measuring the roll moment. 
The model was designed and built in such a way to allow two different parts of the wing to be substituted with 
the set of remiges (Fig. 3) . 
This made it possible to compare, aspect ratio and span being kept equal, the following configurations: 
 

1. total wing, with the short wing plus the set of remiges.  
2. short wing with the shortest wing plus the set of remiges.  
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Figure 3: Wing model settings. 

 
As described above, two different winglet sets were designed. In order to install these on the wing, a special 
wing tip was designed which allowed dihedral and pitching angle of the remige to be changed. The sets of 
remiges and the wing tip were also built at the ELASIS Fiat Research Center of Pomigliano (NA) using the rapid 
prototyping technique. 
In the first phase of the experimental work a preliminary investigation was carried out in order to optimize 
winglet pitch in the various winglet configurations. This investigative phase was done on both short and shortest 
wing configurations (Fig. 4). 
 

 
Figure 4. Some tested Wing configurations. 

 
The deformability of winglets prompted our decision to carry out the tests using a freestream velocity of 24 m/s. 
At this velocity the average Reynolds number was ∼500,000 on the wing and ∼40,000 on the winglets.  
The level of uncertainty was calculated for every point of measurement. The average of uncertainty values 
calculated during the measurement phase was ±0.2% for CL, and ±4 % for CD. In proximity of the stall 
condition the uncertainty of measurements was about ±4% for CL, and ±14 % for CD; this is due to the heavy 
wing vibrations that occur in a stalled condition. 
The junction gap between the winglets root and the wing tip was filled with a molded clay in order to avoid an 
excessive reduction of the aerodynamic performance in terms of drag due to the junction interference, and it was 
noticed a significative influence of this fairing on the global performance  

 
3.1. Discussion of Results 
Once the tests results had been collected they were analyzed using a reference surface for the aerodynamic loads. 
The reference surface was the real wing surface, which differed depending on the configuration, and a common 
surface, which was the same for all configurations, to analyze both the aerodynamic and flying performance of 
the different wing arrangements. Thus, by referring the aerodynamic coefficent to the same common surface for 
all configurations, enabled the shortest wing plus the set of winglets to be compared with the total wing 
configuration in terms of net forces; a more useful way of comparing the flying performance of two wings with 
different surfaces. The same common reference surface used to normalize the aerodynamic loads and to compare 
flying performance is the total wing surface 0.42m2. Clearly, when comparing the short wing configuration plus 
the set of winglets with the total wing configuration it is not necessary to make this distinction because the two 
configurations have essentially the same surface. 
A comparison of the configuration with the same span in terms of CL vs α showed an improvement in CLα  for 
the configuration with the remiges (Fig. 5).  

 

SHORT WING SHORTEST WING TOTAL WING 
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Figure 5: Curve CL vs α: Comparison between short wing and shortest wing+5 remiges.  

Coefficents  reffered to the own wing surface. 
 
This finding is in agreement with the predicted improvement of the remige configuration in terms of induced 
drag and consequently of wing downwash and was also observed in [8]. 
During the optimitation phase it was observed that the 5 remiges configuration seemed to have a better behaviour 
than the 3 remiges configuration. This early observations were confirmed by the first experimental tests on the 
optimized configurations (for both five and three winglets cases). After these results, for the following tests, 
more attention was paid to the tets with 5 remiges configurations, but, however, the tests outcome regarding the 
three remiges case are reported in the result tables.  
As shown in Fig. 6,7, the configurations with winglets yielded an improvement in terms of CD starting from a 
value of CL~0.35 and CL~0.28 respectively for the comparison between short wing plus 5 remiges with the total 
wing and for the comparison between shortest wing plus 5 remiges with the short wing. 
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Figure 6: Curve CL vs CD: Comparison between Short wing and Shortest wing+5 remiges . 

Coefficients referred to the own wing surface. 
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Figure 7: Curve CL vs CD: Comparison between Total wing and Short wing+5 remiges. 

Coefficients  referred to the own wing surface. 
 

Fig. 8 shows the comparison between the endurance parameter of the total wing and the endurance parameter of 
the shortest wing plus 5 remiges. As stated above, this comparison was carried out by reference to the 
aerodynamic coefficient of both configurations to the total wing surface. From the Fig. 15 it is evident that it is 
possible to fly with the shortest wing plus 5 remiges without any loss in performance and with clear gains in 
terms of weight, bending moment and maneuverability.  
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Figure 8. Curve CL3/2/CD vs CL: Comparison between Total wing and Short wing+5 remiges. 

Coefficients referred to the same wing surface. 
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