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Abstract 
 

The development history of aircraft can be seen as the quest for improved performance. This is also 

true for gliders where the aim is to design gliders that can fly faster and further than their 

predecessors. Improvements in terms of performance have often been associated with a decrease in 

handling qualities and stability. This usually results in a glider-pilot system that performs sub-optimally 

due to pilot fatigue and distractions induced by poor handling qualities. The design for higher 

performance should therefore be viewed as an integrated design problem pertaining to aerodynamic 

improvement as well as aircraft handling qualities. 

 

During the development of the JS1 glider, four performance-enhancing elements were suggested and 

implemented in order to improve its performance beyond the current state-of-the-art. These include, 

firstly, the use of spanwise tailored airfoil sections, each optimized for the average Reynolds number 

over the particular section of the wing. The second element is the use of active boundary layer control 

on the wing of the glider. The third element is the use of a new cockpit air extractor that will allow for 

the stabilization of the boundary layer on the fuselage. The last element is a control system design 

approach that allows the glider to be designed for easy handling characteristics. 

 

Each of these performance enhancing elements was investigated in detail and the effect of each was 

validated by verified calculation methods, wind tunnel testing or in-flight testing. It was found that 

spanwise tailored airfoil sections can increase the overall performance of an 18 m-Class glider by 0.5 

percent. Active boundary layer control on the wing, as defined in the context of this thesis, can result 

in a gain of 1.8 percent. The cockpit extractor has the potential for a 3.5 percent gain. A total 

performance gain of 5 percent is therefore possible over the current state-of- the-art. 

 

The effect of handling qualities on the glider-pilot system performance was quantified through a 

questionnaire to JS1 pilots. This showed that the integrated design approach has resulted in a glider 

with not only a high aerodynamic performance, but also with exceptional handling qualities.  

 

Most of the performance-enhancing elements have already been implemented on the production JS1 

gliders with the exception of the active boundary layer control on the wing. At the 2010 World Gliding 

Championships in Hungary, four of the top ten places were achieved by pilots flying JS1 gliders.  
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Airfoil camber The curvature of the airfoil along the chord. 
 

Airfoil thickness The vertical dimension of an airfoil section expressed as a percentage of 
its chord length. 
 

Camber changing flap A plain flap that changes the effective airfoil chamber as it is deflected. 
 

Climb lift coefficient The average lift coefficient at which the wing of a glider operates during 
the climbing phase of the flight. 
 

Climbing characteristics The characteristics of a glider during the climbing phase of the flight. 
 

Composite polar The drag polar of an airfoil section plotted for different flap settings. 
 

Cruise lift coefficient The average lift coefficient at which the wing of a glider operates during 
the cruising phase of the flight. 
 

CS-22 European Aviation Safety Authority Airworthiness requirement No.22 for 
gliders and powered gliders. 
 

Drag bucket The region of low drag due to laminar flow on the drag polar of an airfoil 
section. 
 

Fin The vertical tail surface on an aircraft. 
 

Flapperon A control surface at the trailing edge of a wing that functions both as a 
flap and as an aileron. 
 

Flow field The volume in which the flow characteristics of a flow medium is 
considered. 
 

Glide ratio The ratio of the distance a glider can fly to the height required. This is 
numerically equal to the ratio of the lift to drag of the glider, L/D. 
 

Glider performance The glide ratio at a specific speed, it can also be defined as the sink rate 
of the glider at a specific speed. 
 

Handling characteristics A term that describes how a pilot experiences the reaction of the aircraft 
to his control inputs. 
 

Hinge line The position on the wing where the flap hinges to the wing. 
 

Induced drag The drag created by any lifting surface due to the generation of lift. 
 

JS1 Revelation  The new sailplane developed by Jonker Sailplanes cc. 
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Lifting line method A method developed by Prandtl to calculate the local lift coefficient of a 
three-dimensional wing shape as a function of span position.  
 

Maximum all-up mass The maximum mass a glider is allowed to operate at. 
 

Non-viscous pressure 
coefficient 

The pressure coefficient calculated by ignoring viscous effects. 
 
 

Panel method A flow analysis method where the surface of a body in the flow region is 
approximated with a collection of panels. The method is based on a 
combination of sources and doublets orientated normal to the surface. 
 

Pilot work load The number of tasks the pilot has to carry out in the cockpit during a 
specific portion of the flight. 
 

Pressure drag (airfoil) This is the drag component when the static pressure is integrated over 
the airfoil surface. 
 

Pressure recovery The increase in pressure over the aft portion of any aerodynamic surface 
from the maximum negative pressure to ambient pressure.  
 

Profile drag (airfoil) The total drag on a two-dimensional airfoil section. This is the sum of the 
pressure drag and the skin friction drag. 
 

Root The most inboard position on the wing where the wing is joined to the 
fuselage. 
 

Sink speed The vertical downward speed of a glider. 
 

Skin friction drag The skin friction drag is a result of the shear stresses in the boundary 
layer in the direction of the flow, integrated over the surface of the airfoil. 
 

Stall The point where the angle of attack of an airfoil section increases beyond 
the critical angle of attack and the upper surface completely separates 
with the resulting loss of lift. 
 

Tailplane The horizontal tail surface of an aircraft. 
 

Thermal Column of vertically rising air that is warmer than the surrounding air due 
to solar heating of the ground. 
 

Thermal strength The vertical velocity of a column of rising air. 
 

Thermalling The act of climbing with a glider in a thermal. 
 

Tip The most outboard position on the wing. 
 

Type Certification A certification process performed by the Civil Aviation Authority (CAA) to 
confirm the adherence of a new aircraft design to a specific airworthiness 
requirement. 
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Viscous pressure 
coefficient 

The pressure coefficient calculated by taking viscous effects into 
account. 
 

Wake rake A multi-ended Pitot tube used to survey the wake of an airfoil section. 
 

Water ballast Dumpable water carried in the wing of the glider to control the total mass 
 

Wing area The vertically projected area of the wing of an aircraft. 
 

Wing drop The sudden stalling of one side of a wing resulting in the uncontrollable 
drop of the wing on that side. 
 

Wing loading The maximum mass of the aircraft divided by the total wing area of the 
aircraft. 
 

Winglet The small vertical wing at the tip of a wing used to reduce the induced 
drag. 
 

VNE This is the maximum allowable speed at which the glider might be flown. 
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1. Introduction 
 

1.1. Glider performance and controllability 

The development history of aircraft can be seen as the quest for improved performance. 

Throughout history, aircraft designers have strived to design aircraft that were faster, could fly 

higher and had longer range (Loftin, 1985:3). This is also true for gliders. The first efforts of 

pioneers such as Cayley and Lillienthal were a struggle to get airborne, but this quickly changed 

into a quest for flights with longer duration, greater distance and, finally, higher speed (Anderson, 

1989:11-13). 

 

Today, modern gliders are able to fly distances of up to 1500 km in a single 10-hour flight using only 

the energy of the sun in the form of thermals. The design goal for modern competition gliders has 

therefore shifted from duration and distance to maximizing cross-country speed (FAI, 2010). 

 

The advances in glider design have been possible not only by developments in aerodynamics, but 

also through the design of improved control systems. This is illustrated by early aircraft design and 

development efforts. The problem of aircraft control was completely ignored by the first pioneers 

and this hampered the development of the field, even though the basic aerodynamic principles of lift 

and drag were well understood (Gansaas et al., 1986:995). 

 

In 1853 Sir George Cayley designed and built a glider that was launched from a hill and glided 

successfully to the valley below in free-flight fashion. The glider was inherently stable without any 

means of control and carried his slightly unwilling coach driver, John Appleby, as passenger. He 

became the first person to fly in a heavier-than-air aircraft, even though he resigned directly after 

the landing with the words: “I am hired to drive, not to fly” (Anderson, 1989:12).  

 

 

Figure 1-1: The glider of Sir George Cayley (Fiddle rs Green, 2011) 

The first controlled gliding flights were made by Otto Lillienthal in 1891. He was a mechanical 

engineer, and researched the problem of flight thoroughly before starting to design and build his 

first gliders (Anderson, 2001:76). Lillienthal designed and built five different glider models from 1891 

to 1896, and flew all of them successfully (Lillienthal, 1896:10). 
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He used weight shifting for flight control and made hundreds of flights before his death in 1896 

when he crashed his glider during an exhibition in Berlin. The crash was probably due to control 

deficiencies inherent in a weight shift control system (Harsch et al., 2008:993,994). His gliders 

showed good performance for the time, but ultimately failed due to an ineffective control system. 

 

 

Figure 1-2: Otto Lillienthal in flight with one of his gliders (Amazing History Pictures, 2011) 

In their research flights, from 1900 to 1903, the Wright brothers used gliders to test their carefully 

measured wind tunnel data (Wright, 1986:7). They built several gliders and devoted much of their 

time to develop the three-axis aerodynamic control system before their first powered flight on  

3 December 1903. Their success can largely be attributed to their understanding of the 

controllability problem as opposed to a pure performance-based approach (Hansen, 2003:1).  

 

History shows that the quest for performance is not only an aerodynamic problem; instead, 

performance should rather be treated as an integrated problem of aerodynamic design together 

with aircraft controllability and handling qualities (Raymer, 1989:447). This is even more important 

in the gliding arena. Most pilots will enjoy a short flight in an aircraft with slightly odd behaviour. This 

is, however, not the case with modern cross-country flights.  

 

Today, glider cross-country flights have average durations of over 4 hours and can last as long as 

10 hours. As no autopilot or flight augmentation systems are allowed, and because most gliders are 

single-pilot operation aircraft, pilot fatigue can be problematic (Thomas, 1999:169). Glider flights are 

also known for their high pilot workload where strategic decisions must be made at a steady pace in 

order to keep the glider airborne. Any glider handling and controllability problems will therefore 

show up in the form of increased pilot fatigue. These, in turn, can lead to poor decisions and a 

reduction in the pilot-glider system performance (Thomas, 1999:169). 

 

The performance of the pilot-glider system therefore depends on both the aerodynamic design and 

the controllability and handling qualities of the glider. Taking these two aspects simultaneously into 

account during the design of a glider can be coined the “integrated design approach”.  

 



1. INTRODUCTION 

3 

 

1.2. Class definition history 

Gliding as a sport effectively started in Germany after the First World War where the Treaty of 

Versailles prohibited the development of powered aircraft (Short, 2005:17-18). In 1924, Oscar 

Ursinus convinced the German minister of transport to turn the gliding clubs into a state-funded 

research organization (Brinkmann & Zacher, 1992:50). This resulted in the rapid development of 

glider design and technology in Germany through the 1920s and the 1930s. Germany quickly 

became the leader in the development of high-performance gliders, a position still held today. 

 

The first World Gliding Championships were held on the Wasserkuppe in Germany in 1937 

(Selinger, 2003:41). There was no class definition at this contest and all gliders competed against 

each other in either duration or distance flights. After the Second World War, World Gliding 

Championships were held every two years. Initially there was only one class, the Open Class, in 

which all gliders competed. A Two-seater Class was included from 1952 to 1956 (SSA, 2010). 

These classes had no wingspan limitations and this resulted in a sharp cost increase for 

competitive gliders as the easiest way to increase glider performance was to increase the 

wingspan. In an attempt to keep costs at bay, the Fédération Aéronautique Internationale (FAI) 

introduced the Standard Class in time for the 1956 World Gliding Championships in Spain 

(Maughmer, 2003:4). The main rule for this class was a wingspan limit of 15 m without camber-

changing flaps (FAI Sporting Code, 1999:26). 

 

The Open and Standard Classes were the only classes at the World Gliding Championships from 

1958 to 1976. In an attempt to increase the performance of the Standard Class without increasing 

the cost, the FAI introduced the 15 m-Class (Maughmer, 2003:4). This class was added to the 

Open and Standard Classes and was first introduced as a World Championship Class at 

Chateauroux, France, 1978 (SSA, 2010).  

 

The two main rules for the 15 m-Class state that the maximum wingspan is limited to 15 m and that 

the maximum allowable take-off mass is 525 kg. This allowed designers to use full span camber 

changing flaps, which significantly raised the high-speed performance of the gliders. In 1998 the 

FAI announced yet another class. This was to be the unrestricted 18 m-Class. The class definition 

is basically the same as for the 15 m-Class with the maximum allowable wingspan 18 m and the 

maximum allowable mass 600 kg. The first World Championships for this class was held in Spain in 

2001 (SSA, 2010). 

 

1.3. Problem statement 

When the FAI announced the new 18 m-Class, it was envisioned that this class definition would 

allow a very high-performance glider to be developed and that it would become the most popular of 

all classes. It was thus decided in 1998 to develop a new glider specifically for this class, using the 

most up-to-date engineering methods and data available. By using the integrated approach of 
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aerodynamic refinement together with control system design it was thought possible to design a 

glider with better performance than any existing 18 m-Class glider. 

 

The JS1-Revelation (JS1), shown schematically in Figure 1-3, was developed from 1998 until its 

first flight in 2006. It was designed according to the 18 m-Class definition rules. The following lists 

provide the JS1 design requirements and design specifications: 

 

JS1 design requirements: 

– Develop a new 18 m-Class glider for competition flying in the FAI 18 m-Class. 

– Improve performance over any of the existing 18 m class sailplanes of 1998. 

– Design the glider with good handling characteristics at least equal to the best. 

 

JS1 design specifications: 

– Wingspan  : 18 m 

– Empty mass  : 300 kg 

– Maximum take-off mass : 600 kg 

– Water ballast   : 200 kg 

– Maximum glide ratio : 53 

– VNE   : 290 km/h 

 

Figure 1-3: The JS1 glider 
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Four performance-enhancing elements were developed and applied to the JS1 design during its 

development phase. Three of these are aerodynamic improvements, while the last aims at 

improving the handling qualities of a glider through a control system design approach. These 

elements will be discussed in this thesis and their effect on the overall performance of the JS1 will 

be demonstrated. It will not be a complete treatment of the design of the JS1 and only the original 

contributions will be discussed. As some of these performance enhancing elements are also novel 

they have not been applied to the JS1 in its final design form. In these cases wind tunnel data is 

provided from which performance calculations were made. The following section provides a brief 

history of JS1 development in order to establish the developmental timeframe. 

 

1.4. Project history 

As a result of a lifelong infatuation with gliding, the author had a childhood dream to design and 

build his own high-performance glider. This dream was relentlessly pursued since 1986 until its 

realization in 2006 with the first flight of the JS1. The development of the JS1 glider covers a period 

of 20 years, with the last 10 years comprising the actual research, development and testing of the 

JS1. A summary of the timeline and development for the JS1 is set out below: 

 

• 1996:  Decision to start development on a new glider 

• 1998:  Problem definition and goals 

• 1998:  Visit the three largest glider factories in the world to ascertain the state-of-the-art in 

terms of manufacturing 

• 1999:  Visit Delft Low-Speed Wind Tunnel to gather information on aerodynamic design 

• 2001:  Aerodynamic design completed 

• 2003:  Control system and structure design completed 

• 2005:  Completion of moulds 

• 2006:  Prototype manufacturing and test flight 

• 2006:  Prototype won South African Nationals 

• 2007:  Design revision 

• 2008:  Limited serial production 

• 2009:  Full serial production 

• 2010:  Four JS1 gliders in the top 10 at the World Gliding Championships in Hungary 

 

The original contributions made in this study must be viewed against the timeline set out above in 

order to establish the level of the state-of-the-art at that time. This will be highlighted in each 

chapter where the technical details of each original contribution are discussed. 

 

1.5. Original contributions and scope of study 

There are five areas where original contributions were made during this study. Four of these areas 

are performance-related, while the fifth entails a novel way of calculating the effect of design 

changes. This section offers a brief discussion of the original contribution and the scope of the work 
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done. As each of these original contributions is related to the central theme of performance 

improvement, they are distinctly different and therefore each will be treated in a separate chapter. 

The study will therefore not have the traditional layout, but each chapter will form a complete 

research topic with its own literature survey, analysis and test data. The original contributions of this 

study are: 

1.5.1. Wing with spanwise tailored airfoils section s 
The use of multiple airfoil sections along the span of a wing is a standard practice for commercial 

aircraft where different airfoils are used based on the local requirements (Torenbeek, 1982:237). 

Inboard airfoil sections are designed for the use of flaps, while the outboard sections are designed 

for higher lift coefficients and gradual stalling characteristics (Torenbeek, 1982:237). 

 

The general aim between 1985 and 2000 was to design a specific main airfoil section for the glider 

wing, and to use that airfoil section everywhere on the wing (Thomas, 1999:204-213; Selinger, 

2003:229-231; Pajno, 2006:119). This airfoil section is normally designed for the wing average 

Reynolds number (Re) and will therefore perform sub-optimally at Re lower and higher than the -

design Re (Raymer, 1989:45). A second approach used on several gliders is to use a tip airfoil 

section designed for the low Re at the tip and to interpolate this section to the main airfoil section 

over the span of the wing. This method saves considerable profile drag and was used on the  

ASW 27 glider (Selinger, 2003:229). 

 

There is scope to further reduce the profile drag on a wing by designing several airfoil sections 

along the span of the wing, each optimized for the local average Re at that station. This technique 

was applied in the design of the JS1 glider and is the first original contribution of this study. 

Boermans (2010) showed that this technique was also used for the Concordia glider. The 

Concordia aerodynamic design was done in 2004, which is three years after the design of the JS1 

was completed. The first flight of the Concordia is expected in 2012. 

 

The details of this technique will be presented in Chapter 3. This discussion will only focus on the 

design of the different sections on the wing, but will not explore the full three-dimensional design of 

the wing. The effect of the wing planform was taken into account during the design of the airfoil 

sections, but it was done using conventional methods and this is therefore not part of the original 

contribution. Reference will therefore be made to the effect of the planform, but no explicit design 

explanations will be given.  

 

1.5.2. Active boundary layer controlled airfoil 
Boundary layer control is a generic term used for manipulating the boundary layer in order to 

reduce the drag or to increase the lift, or to achieve both. It can be divided into passive boundary 

layer control and active boundary layer control (Brasslow, 1999:1). Active boundary layer control is 
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used on most gliders in the form of a single turbulator strip which trips the laminar boundary layer 

on the wing to turbulent flow before natural transition occurs (Horstmann & Boermans, 2003:94).  

 

Turbulators used on gliders are normally either a three-dimensional shape on the surface of the 

wing that is able to trip the laminar flow to turbulent flow, or are pneumatic devices that blow air 

perpendicular to the surface and again trip the laminar flow to turbulent flow. The three-dimensional 

turbulator normally takes the form of a zigzag Mylar sheet bonded to the surface of the wing. Figure 

1-4 shows these two types of turbulators. 

 

Boundary layer suction was investigated by several researchers as an active boundary layer control 

technique to reduce drag (Bridges, 2007:1635; Boermans, 2010). It was, however, found that it is 

presently not possible to use suction as a practical means aimed at increasing the performance of a 

glider due to the complexity of such a system and also due to the non-existence of a suction device 

that does not use external energy (Plesser, 2000:46). 

 

 

Figure 1-4: (a) Pneumatic turbulator blow holes. (b ) Zigzag turbulator on the wing of the JS1. 

 

The original contribution of this section is the replacement of the single pneumatic turbulator on the 

lower wing surface with a double row of pneumatic turbulators. During specific flight conditions, the 

turbulation effect of blowing is reversed and suction is applied to the forward turbulator. This results 

in a significant reduction in profile drag. 

  

The focus of this thesis was only on the lower surface of the wing, and no attempt was made to 

apply the boundary layer control on the upper surface of the wing – as most other researchers are 

doing (Boermans, 2006). The higher suction requirements on the upper surface of the wing 

prevented this from being a practical performance-enhancing solution. The upper surface suction 

requires an external power source, while the lower surface suction can be powered from a low-

pressure source on the fuselage. The details of this development will be provided in Chapter 4.  

Pneumatic turbulator holes Zigzag turbulator tape 

(a) (b) 
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1.5.3. Cockpit extractor for boundary layer control  over the fuselage 
The front fuselages of most modern gliders have been designed with a favourable pressure 

gradient up to the rear edge of the cockpit. Laminar flow is therefore possible up to this point 

(Thomas, 2003:73). Due to the poor ventilation system of most gliders, the pressure inside the 

cockpit is higher than the ambient pressure. This has the effect that air will leak from the cockpit to 

the outside through any gap that is not properly sealed. The leaking air will trip the fuselage laminar 

boundary layer to turbulent flow, increase the drag and reduce the performance of the glider 

(Mandl, 2008; Butler, 2010). 

 

The original contribution of this section is the development of a cockpit air extractor that is able to 

reduce the cockpit pressure from a positive value to a negative value. This prevents the leaking of 

air to the outside and therefore prevents any possible loss of performance. The extractor outlet has 

also been designed to reduce ventilation drag and to prevent the formation of flow separation 

behind the extractor outlet on the fuselage outer surface. Furthermore, the extractor was designed 

to be a suction source to power the wing boundary layer control system described in the previous 

section. 

  

This section focuses only on the development of a new type of extractor. The design of the fuselage 

shape for the JS1 is not part of this study. This was achieved by means of conventional design 

methodologies, and is therefore not part of the original contribution. The details of this development 

will be set out in Chapter 5. 

 

1.5.4. Control system design 
It was shown in Section 1.1 that glider performance must be viewed as an integrated problem 

pertaining to both aerodynamic design and control system design. Good controllability and handling 

characteristics are as important as good aircraft performance (Loftin, 1985:12-13). The control 

system of the JS1 was designed using a specially developed parametric control system design 

method. By using this method, control system design errors - which would have resulted in inferior 

handling - could be eliminated during the design phase. 

 

This method of control system design has never been used in glider design and is an original 

contribution. This was confirmed during the 26th World Gliding Championships in 2001 by Gerhard 

Waibel, who was at the time the chief design engineer of Alexander Schleicher Flugzuegbau, the 

largest sailplane manufacturer in the world (Waibel, 2001; Waibel 2010).   

 

The parametric control system design method is similar to what is currently offered by most CAD 

software systems. This was, however, not the case when the JS1 control system was designed 

between 1999 and 2001. The software that was readily available at the time could not provide the 

required load and moment analysis capabilities. This was only available in top-end software suites 

like CATIA and NX, which were not within reach of the project budget. 
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The scope of this section is the kinematic design of the control system without any reference to 

aircraft control and stability calculations. These calculations were performed for the purpose of the 

development of the JS1, but conventional methods were used and as such these are not part of the 

original contribution. The detailed discussion of the control system design method will be given in 

Chapter 6. 

 

1.5.5. Performance calculations for small improveme nts 
Most of the performance-enhancing elements that were discussed in the previous sections have a 

small effect on the performance of a glider, and are often also limited to a specific speed range. The 

effect of a specific design change on the performance of the glider can be visualized by changes on 

the glide polar. Often the effect of some of these performance-enhancing elements are so small that 

the change is not clearly visible on the glide polar (Maughmer, 2001:7). 

 

The original contribution of this section was to calculate the effect of small design changes as the 

difference in points that would have been scored at a competition if the pilot had flown a glider with 

the design change. This approach provides a more accurate indication of the relative merit of a 

design change. 

 

 

 

Figure 1-5:  Russel Cheetham of England landing his  JS1 at the World Gliding 

Championships in Hungary, 2010. 

 

The analysis was performed by defining several typical soaring days in terms of the average 

thermal strength and task distances to be flown. The average cross-country speeds for the JS1 

flying these days were calculated with and without the specific design change. A competition 

scoring model was then used to score the flights and to obtain the difference in points. This 
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approach provides a clear indication of the relative merit of the design change. Details of this 

method will be discussed in Chapter 7. 

 

1.6. Layout of thesis 

The thesis is organized as follows: 

Chapter 2 provides a discussion of the mission requirements for a modern 18 m-Class glider with 

an overview of glider aerodynamics. Chapter 3 offers a description of the development of the wing 

with spanwise tailored airfoil sections. In this chapter, it is indicated how drag can be reduced by 

designing airfoil sections for specific Re ranges. Chapter 4 provides a discussion of the 

development of an active boundary layer control system using a combination of turbulation and 

suction and offers an indication of the drag reduction possible with this technique. Chapter 5 

provides a description of the development of a cockpit air extractor and the performance of this 

system. Chapter 6 is devoted to a discussion on the development of a parametric control system 

model and indicates how this was used to design a control system for the JS1 that allows good 

handling. In Chapter 7 the effect of all the performance enhancing elements on the overall 

performance of the JS1 are calculated and discussed. Chapter 8 provides a summary of the work 

done and recommendations for further work. 
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2. Glider mission profile and aerodynamics 
 

2.1. Introduction 

The first step in designing a new aircraft is to define the design requirements. A component of the 

design requirements is the mission profile of the aircraft. The mission profile describes the specific 

mission requirements of the aircraft. Once the mission requirements have been defined, 

performance parameters can be set from which the design goals can be formulated. The design 

goals can then be used to develop specific component specifications. 

 

In this chapter, the mission requirements for a modern 18 m-Class glider will be stated from which 

the design goals will be formulated. This will later be developed into the wing and airfoil 

specifications that will be used for the different performance-enhancing design elements in 

subsequent sections of the thesis. This process will provide an overview of the mechanics of glider 

flight and will conclude with a short literature survey of the current state-of-the-art in glider 

aerodynamics. 

 

 

2.2. Glider mission requirement 

The aim of the first glider competitions was to attempt to remain airborne for as long as possible 

(Brinkmann & Zacher, 1992:27). The mission requirement was therefore to simply maximize the 

airborne duration. Gliders with low wing loadings and slow flying speeds (and therefore the lowest 

sinking speed) best suited this mission. Within a few years after that, the aim shifted and the new 

mission requirement was to maximize cross-country flight distance (Brinkmann & Zacher, 1992:37-

38). This required gliders with a high glide ratio instead of the lowest minimum sink speed.  

 

Modern gliding competitions are races where the mission requirement is to achieve the highest 

average cross-country speed (Darlington, 2003:26). This requires gliders to be designed differently 

from the previous requirement of maximum flight distance. A clear understanding of the glider 

mission requirement is therefore necessary before a new glider can be designed. 

 

Presently, cross-country races are flown along a preset task which is the same for each competitor 

for a specific day. These daily tasks differ in length from 250 km up to 1000 km and the winner is 

designated as the pilot who completes the task in the shortest time (FAI, 2010:19). 

 

The basic flight profile followed by a glider on a cross-country flight is given in Figure 2-1. The glider 

starts at a height H, and glides down until a rising air current, called a thermal, is reached. Once in 

the thermal, the glider circles and climbs to the thermal top after which it starts to cruise on track 

towards the next climb. 
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By repeating several cycles of climbing and cruising, a task can be completed. The average cross-

country speed for this profile is given by Equation (2-1) (Thomas, 1999:62). 

 

 

 

 

 

Figure 2-1: Diagram of basic cross-country flight m odel 
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with  Vc - climbing speed (m/s), 

 Vg - straight glide speed (m/s), 

 Vs - sink speed (m/s), 

VT - vertical speed with which the air is raising in the thermal (m/s), 

 Vsc - sink speed of the glider while circling (m/s), 

Vavg - average cross-country speed (m/s), 

Dtask  -  task distance to fly (km), 

H - height required to complete task (m). 

 

It follows from Equation (2-1) that the average cross-country speed depends on the pilot’s choice of 

glide speed Vg, the glider sink speed Vs, and on the climbing speed, Vc. The cross-country speed 

can be increased by choosing the thermals with the highest strength and by flying at the correct 

cruise speed between thermals. MacCready (1949:441) has shown that for each climb speed there 

is an optimum gliding speed that will maximize the overall cross-country speed. The optimum glide 

speed is a function of the climb speed and the specific glider performance. 

 

The sink speed, Vs, depends on the glider’s straight glide speed, Vg, and is a function of the design 

of a specific glider. The relationship between these velocities describes the performance of the 

glider. A graphic presentation of this relationship is called the glider speed-sink polar curve or 

“speed polar”. The speed polar is a curve of the sink speed against glide speed across the 

allowable speed range (Darlington, 2003:26). Figure 2-2 shows the speed polar for the JS1 at 

masses of 400 kg and 600 kg, respectively.  

 

Vs 

Vg 

Vc 

Dtask 

H 



2. GLIDER MISSION AND AERODYNAMICS 

16 

 

It can be seen in Figure 2-2 that the sink speed decreases with glide speed to a minimum value 

called the minimum sink rate. Below this speed, the sink speed increases as the glider starts 

approaches stall. The minimum sink rate gives an indication of the glider’s ability to climb in 

thermals. 
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Figure 2-2: JS1 speed polar at a flying mass of 400  kg and 600 kg 

 

As the glide speed increases above the value for which sink speed is a minimum, the sink speed  

increases. If the total mass of the glider (and thus the wing loading) is increased, the sink speed for 

a specific glide speed is lower (Reichmann, 1993:113). Figure 2-2 shows that the JS1 has a 43 

percent lower sink speed at 600 kg than at 400 kg when flown at Vg = 200 km/h. It is therefore often 

advantageous to fly the glider at a higher mass. 

 

The design goals for an 18 m-Class glider based on the mission requirement is to increase the 

climb speed (Vc), to reduce the sink speed (Vs), and to increase the glide speed (Vg). This goal can 

be further refined by exploring the specific flight conditions and flight envelope of an 18 m-Class 

glider. 

 

2.3. Flight envelope and operational data for an 18  m-Class glider 

Once the basic design goals for an aircraft have been defined the specific data of the flight 

envelope must be defined. In the case of a glider, that is the speed range, mass range, and load 

factors. From this data the design requirement for each of the sub-components can be developed. 

For the purpose of this study the required information is the speed range from which the effective 

operational Re numbers can be calculated, as well as the mass range from which the wing loading 

and airfoil requirements can be derived. The load factors are required for the structural design and 

do not form part of this study. 
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2.3.1. Mass prediction 
The mass range for 18 m-Class gliders can be established from the class definition rules and from 

statistical data. According to the FAI sporting code (2010), the maximum allowable mass for  

18 m-Class gliders is 600 kg. The minimum flying mass can be obtained from statistical data of 

similar designs. The empty mass of the ASG 29 is 280 kg (Alexander Schleicher, 2011) while the 

Ventus 2cx has an empty mass of 310 kg (Schempp-Hirth, 2011). By selecting an empty mass of 

300 kg and a pilot mass of 100 kg, a realistic minimum flying mass of 400 kg is obtained. The mass 

range for an 18 m-Class glider is therefore between 400 kg and 600 kg. 

2.3.2. Speed range 
The speed range for the 18 m-Class gliders can be established from the CS-22 airworthiness 

requirements. CS-22 (EASA, 2003:1-B-2) specifies that the minimum allowable stall speed must be 

lower than 90 km/h for the fully loaded glider. This defines the wing maximum lift coefficient from 

which the stall speed for the minimum flying mass can be estimated. For a mass of 400 kg, the stall 

speed is approximately 80 km/h. 

 

The maximum allowable speed (VNE) is also specified by the CS-22 code and depends on the wing 

loading and the estimated minimum drag coefficient. Using the data for the JS1, the maximum 

allowable speed was set at 290 km/h. The operational speed range for an 18 m-Class glider is 

therefore set at between 80 km/h and 290 km/h. 

 

2.3.3. Operational data 
With the mass and speed range defined, it is possible to analyze the basic flight components in 

more detail and define the operational requirements of the wing and airfoils sections.  

 

The MacCready theory (1949:441) can be used to calculate the optimum inter-thermal glide speed, 

vg, as a function of climb rate. Table 2-1 shows the optimum glide speed for the JS1 for average 

climb rates of 1 m/s to 5 m/s. The glide speed was calculated using the theoretical speed-polar for 

the JS1 as shown in Figure 2-2. The wing area used is that of the JS1, which is 11.21 m2. 

 

The calculation was done at a mass of 600 kg for climb rates above 1.5 m/s and at 400 kg for climb 

rates below 1.5  m/s. This is typical of how pilots would adjust the mass of the glider to suit weather 

conditions. The glider would be flown at the maximum mass if the climb rates are higher than 1.5 

m/s and would be flown at the minimum mass if the climb rates are below 1.5 m/s (Davis, 2011). 

 

It follows from Table 2-1 that the optimum inter-thermal speed range varies between 126 km/h and 

249 km/h. Days where 5 m/s climbs are possible are uncommon and 18 m-Class gliders rarely 

cruise faster than 220 km/h (Jonker, 2011). Table 2-1 also shows that the average lift coefficient 

required for the wing based on the mass and optimum flying speed lies between 0.18 and 0.46 for 
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the cruise portion of the flight. It is therefore clear that the design goal is to reduce the sink speed, 

vs, across the speed range and not only at the lower-speed end. 

 

Table 2-1: Optimum glide speed as function of therm al strength for the JS1 

Climb speed (m/s) 0.5 1 2 3 4 5 

Mass (kg) 400 400 600 600 600 600 

Wing loading (kg/m2) 37.4 37.4 53 53 53 53 

Vg optimum (km/h) 126 147 185 205 223 249 

Wing average CL 0.46 0.34 0.32 0.26 0.22 0.18 

 

During the climbing phase of the flight, the glider is flown at the minimum sink speed for a specific 

bank angle. This allows the glider to turn tight enough to remain in the core of the thermal.  

Figure 2-2 shows that the minimum straight-flight sink speed of the JS1 is attained at Vg = 82 km/h 

with a mass of 400 kg and at Vg = 101 km/h with a mass of 600 kg. 

 

During turning-flight the wing has to provide more lift due to the bank angle and the centrifugal force 

as shown in Figure 2-3. The typical bank angles in a thermal varies between 30° and 60° with 45° 

the most frequently used angle (Jonker, 2011). Figure 2-4 shows the lift coefficient required to fly at 

a 45° bank angle against airspeed for masses of 400  kg and 600 kg respectively. The lift coefficient 

requirement varies from CL = 1.00 to CL = 1.45. 

 

 

Figure 2-3: Forces on a glider during turning fligh t 

 

The sink speed while circling, Vsc, can be calculated using Equation (2-3), (Thomas, 1999:64): 
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with CD - drag coefficient, 

 CL - lift coefficient, 

 Φ - bank angle (°), 

 W - glider mass (kg), 

S - wing area (m2), 

ρ - air density = 1.223 kg/m3 at sea level. 

L  - lift vector 

W - glider mass 

CF  - centrifugal force 

Φ  - bank angle 

Ω  - turn rate 
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The glide speed at which the minimum sink rate occurs for a bank angle of 45° was calculated to be 

118 km/h at 600 kg and 97 km/h at 400 kg for the JS1. The required wing lift coefficient is CL = 1.12, 

as shown in Figure 2-4. 

 

 

Figure 2-4: CL requirement for JS1 flying at 45° bank angle 

 

2.3.4. Summary 
The operational speeds off a typical 18 m-Class glider (such as the JS1) can be summarized as 

follows: during the cruise phase of the flight, the gliders fly at speeds between 120 km/h and  

220 km/h while the wing operates at a lift coefficient of between at 0.18 and 0.46. When the glider is 

climbing, the typical flight speed is between 90 km/h at 400 kg and 120 km/h at 600kg and the wing 

operates at a lift coefficient range of 1.00 < CL < 1.3.  

 

These values can be used to determine the airfoil lift specifications. As the JS1 wing has a high 

aspect ratio of AR = 28.9 and because the wing planform is elliptical, the airfoil lift coefficients are 

approximately the same as the wing operational lift coefficient. The design lift coefficients for the 

JS1 airfoils can thus be set at Cl = 0.2 for cruising and Cl = 1.3 for climbing. 
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2.4. Glider aerodynamics 

Once the basic mission requirement has been defined, a review of the state-of-the-art in glider 

aerodynamics will provide insight into those areas of the glider design that should provide scope for 

further improvements.  

 

The data of the speed polar shown in Figure 2-2 can be presented as a curve of the glide ratio of 

the glider against the glide speed. This figure is known as the glide polar. The glide ratio of the 

glider can be calculated by dividing the glide speed by the sink speed. This value is numerically 

equal to the total lift generated divided by the total drag of the glider (Thomas, 1999:43), as shown 

in Equation (2-4): 

 

 
Glide ratio � ���� � �

� � ���	 (2-4) 

 

with   L - total lift generated by the glider (N), 

  D - total drag of the glider (N), 

  CL - overall lift coefficient, 

  CD - overall drag coefficient. 

 

It follows from Equation (2-4) that the glide ratio can be increased by increasing the lift and by 

reducing the drag. The lift is generated by the wings, while all external components contribute to the 

generation of drag. The relative contribution of drag was calculated by Boermans (2006:1) for the 

ASW 27 glider at a wing loading of 350 N/m2 and is illustrated in Figure 2-5. The figure shows 

profile drag contribution (Dp) and total drag contribution (Dt) at 100 km/h for low-speed and at  

200 km/h for high-speed flight.  

 

 

Figure 2-5: Drag contributions to the overall drag polar of the ASW 27 glider  

(Boermans, 2006:1) 
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Figure 2-5 shows that wing profile drag of a glider contributes approximately 53 percent of the total 

drag at high-speed and 33 percent of the total drag at low-speed. The fuselage contributes  

34 percent drag at high-speed and 8 percent at  low-speed. The induced drag contributes 5 percent 

at high-speed and 42 percent at  low-speed. 

 

The major drag items are therefore the profile and fuselage drag at high-speed and the profile and 

induced drag at  low-speed. It therefore follows that a designer should focus his attention on these 

items during the design of a new glider. The following sections will investigate basic aerodynamics 

and state-of-the-art for reducing induced drag, fuselage drag and profile drag. 

2.4.1. Induced drag 
Induced drag is the largest drag contributor at  low-speed with a contribution of 42 percent of total 

drag. Anderson (2001:374) shows that the induced drag is a function of lift generated, aspect ratio 

and span efficiency, as shown in Equation (2-5). 

 

 

ARe

C
C L

Di ..

2

π
=  (2-5) 

 

with  e - span efficiency factor, 

  AR - aspect ratio. 

 

It follows from Equation (2-5) that at a specific lift coefficient, the induced drag can be reduced by 

increasing the aspect ratio or by increasing the span efficiency factor. 

  

The aspect ratio of glider wings has steadily increased with the availability of more advanced 

materials. When using wood, the aspect ratios of 15 m-wingspan gliders used to be approximately 

18. Examples are the Ka-6E with an aspect ratio value of 18.1 and 18.5 for the Foka 4 (Thomas, 

1999:198). When fibreglass came to be used as structural material, the average value for the 

aspect ratio increased to a value of 23. Examples are the LS 1f, which has an aspect ratio of 23.1 

and 23 in the case of the Hornet (Thomas, 1999:206). 

  

With the introduction of carbon fibre as spar cap material, the aspect ratio showed no further 

increase in value for 15 m-Class gliders (Thomas, 1999:210). This is due to the fact that the 

minimum wing area that could be used was determined by stall speed requirements. This, together 

with a fixed wingspan, limited the maximum aspect ratio value that could be used. 

 

In the Open Class, where there is no wingspan limitation, carbon fibre allowed for a further increase 

in aspect ratios. The Eta glider, which represents the current pinnacle of glider design, has an 

aspect ratio of 51.33 (Eta, 2004). The new Concordia glider being developed by Butler (2011:1) will 

have an aspect ratio of 57.2. 
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The aspect ratio for an 18 m-Class glider is also governed by the stall speed requirement.  

The CS-22 code specifies a maximum allowable stall speed of 90 km/h at the maximum all up mass 

of 600 kg (EASA, 2003:1-B-2). The airfoil maximum lift coefficient will therefore define the wing 

area, which, together with the fixed wingspan will determine the maximum aspect ratio. 

 

The only parameter available to the designer is therefore the span efficiency factor e. This factor 

can have a maximum value of e = 1 when the wing has an elliptical lift distribution (Anderson, 

2001:374). An elliptical lift distribution can be obtained when the planform is elliptical without any 

geometrical twist in the wing.  

 

Glider designers have tried to approximate the elliptical planform by using various combinations of 

tapered sections in the wing planform. The Standard Austria had a single tapered wing  

(Simons, 2006:248) while a double tapered planform was used on the Standard Cirrus, (Simons, 

2005:141). Four tapered sections were used on the Ventus 2, (Simons, 2005:164) and the Antares 

uses a fully elliptical wing (Lange: 2004). The induced drag can therefore be minimized by using the 

highest aspect ratio that will satisfy the CS-22 stalling requirements and by using a planform as 

close as possible to an elliptical shape. 

 

2.4.2. Fuselage drag 
The fuselage contributes 34 percent of the total drag at high-speed. The purpose of the fuselage is 

to house the pilot and keep the tail and wing apart at the required distance (Thomas, 1999:120). 

The basic fuselage can be thought of as comprising of two components, namely the cockpit area 

and the aft fuselage. The forward fuselage is dimensioned to provide room for the pilot, while the 

rear fuselage is designed to satisfy the stiffness, strength and aerodynamic requirements (Thomas, 

1999:120). 

 

The seating position of the pilot directly determines the height and therefore the maximum cross- 

sectional area of the fuselage. The cross-sectional area is directly related to the fuselage drag 

(Boermans, 2006:6). A ten percent increase in cockpit height typically results in a fourteen percent 

increase in drag (Boermans & Nicolosi, 1997:6). There are three basic seating positions used in 

gliders: the upright, semi-reclined and fully-reclined positions, as shown in Figure 2-6. 

 

With wooden fuselages the upright position was used. This resulted in large cross-sectional areas 

and high fuselage drag. Attempts to reduce the drag led to the fully reclined position as used on the 

Zefir 4 and SB 7 gliders (Ostrowski et al., 1978:1). This improved the performance, but the 

reduction in pilot comfort and visibility made such a measure counterproductive (Thomas, 

1999:120). The best alternative was found to be the semi-reclined position as used on all modern 

gliders such as the Nimbus 2, ASW 27 and Ventus 2 (Simons, 2005). The cross-sectional 

dimensions of modern gliders are typically 0.8 m high by 0.6 m wide and these dimensions are 

considered to be a fixed design constraint for pilot comfort and visibility (Thomas, 1999:120). 
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Figure 2-6: Fuselage seating positions (adapted fro m Thomas, 1999:120) 

 

The forward fuselage shape of modern gliders has been derived from laminar flow wing profile 

section. The numerical transformation method of Galvao (1968) is used to transform the two-

dimensional wing airfoil coordinates to three-dimensional coordinates that describe a fuselage 

shape suitable for laminar flow (Boermans & Waibel, 1987:79). The laminar flow on the front 

fuselage is, however, sensitive and Boermans and Terleth (1983:1) have shown that protrusion 

larger than 0.75 mm will trip the laminar flow on the forward fuselage to turbulent. 

 

The cockpit-to-canopy edge is the main disturbance item on the forward fuselage and it was found 

that it is possible to obtain laminar flow behind the gap, if it is properly sealed and if the gap is small 

enough (Thomas, 1999:121). It was, however, found by Mandle (2008) that on most gliders this gap 

is not properly sealed or that the canopy protrudes behind the gap. The flow over the front fuselage 

of most gliders is therefore turbulent.  

 

The aft fuselage does not have an internal volume constraint as the forward fuselage and can be 

designed for minimum drag with consideration for strength and stiffness. As a result, the aft 

fuselages of composite gliders are now strongly contracted to reduce the wetted area and therefore 

the skin friction drag (Boermans & Terleth, 1983:1). Figure 2-7 shows the rear fuselage of the more 

modern Kestrel 401 in comparison with the older SB-7B. 

 

The fuselage drag can therefore be minimized by using a cross-sectional area that is as small as 

possible. The front fuselage shape must be designed for laminar flow up to the maximum thickness 

position, and the canopy to fuselage joint should be sealed and designed so that the laminar flow is 

Upright seating 

Fully reclined seating 

Semi-reclined seating 
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not tripped to turbulent flow. The rear fuselage should be contracted to reduce the wetted area and 

the skin friction drag. 

 

 

Figure 2-7: Contracted and un-contracted rear fusel ages (adapted from Thomas, 1999:121) 

 

2.4.3. Wing profile drag 
It was shown that the wing profile drag contributes as much as 53 percent of the overall drag at 

high- speed. A basic understanding of the drag properties of modern laminar flow airfoil sections is 

thus important. 

 

The airfoil drag comprises of two components, namely the skin friction drag and the pressure drag. 

The skin friction drag is a result of the shear stresses in the boundary layer in the direction of the 

flow, integrated over the surface of the airfoil (Gad-El-Hak, 2000:207). Viscosity modifies the static 

pressure distribution so that a drag component is present when the static pressure is integrated 

over the airfoil surface (Van Dam, 1999:754). This is called the pressure drag. In the absence of 

viscosity, the pressure drag is zero. The profile drag is the sum of the pressure drag and the skin 

friction drag.  

 

Glider airfoils operate in the Re range of 0.5 x 106 to 3 x 106 (Boermans & Van Garrel, 1997:13). In 

this Re range complex flow phenomena take place on the airfoil surfaces. The airfoil boundary layer 

is initially laminar and attached to the surface. At the onset of the pressure recovery region, the 

laminar flow can transit to turbulent flow or can separate and reattach as turbulent flow through the 

formation of a laminar separation bubble, as is shown in Figure 2-8 (Kerho & Kramer, 2003:2; 

Gooden, 1997). The separation bubble is clearly visible on the surface pressure distribution as a 

bump formed by the viscous pressure curve above the non-viscous curve. 
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Figure 2-8: The formation of a laminar separation b ubble as measured on the FX66-S-196 V1 

Airfoil by Gooden (1979) 

 

The precise conditions for the formation of a separation bubble depend on the Re, pressure 

distribution, surface curvature, surface roughness and free stream turbulence (Gad-El-Hak, 

2000:191; Darlington, 2003:27; Thomas, 1999:18). If the Re < 104, reattachment will not take place 

and for sufficiently high Re, the transition will take place without any separation. For the 

intermediate Re range from 104 to 106, the transition process takes place through the formation of a 

laminar separation bubble, as shown in Figure 2-9 (Gad-El-Hak, 2000:191). 

 

Figure 2-9: The effect of Re on the formation of a laminar separation bubble  

(adapted from Thomas, 1999:17) 

 

When the flow is separated, the pressure drag is the dominating drag form (Van Dam, 1999:754). If, 

on the other hand, the flow is attached, the contribution of skin friction drag and profile drag is 

approximately the same. The skin friction drag for laminar flow is approximately four times lower 

than for turbulent flow at a Re = 1 x 106 over a smooth surface such as a glider wing (Thomas, 

1999:20). The use of long laminar flow regions is therefore the key to designing low-drag airfoil 
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S – Stagnation point 
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sections for gliders. The pressure drag can be minimized by delaying the onset of separation and 

by reducing the airfoil thickness. This must be carefully offset against the airfoil lift requirements and 

the wings’ structural requirements. 

 

The control of laminar-to-turbulent transition and separation can be achieved by means of passive 

and active methods. The simplest and most suitable method for low Re airfoils is the modulation of 

the pressure gradient through surface shaping (Gad-El-Hak, 2000:197). This is a passive method 

where the surface shape of the airfoil is designed to have a favourable pressure distribution suitable 

for laminar flow and a shallow pressure recovery region in order to delay separation. This method 

has been traditionally used in the design of glider airfoil sections (Boermans & Van Garrel, 

1997:13).  

 

Active boundary layer control methods for transition and separation control include suction, blowing, 

turbulation, vortex generating and heating and cooling of the wall (Gad-El-Hak, 2000:152). 

Horstmann and Quast (1981:15) and Althaus (1986:4) have shown that profile drag can be reduced 

if the laminar flow regime is artificially tripped to turbulent flow before the formation of the separation 

bubble. This method is widely used on modern gliders and is the only form of active boundary layer 

control currently being used on gliders. 

  

It was mentioned in Section 1.5.2 that the profile drag can also be reduced by active methods such 

as boundary layer suction. Suction can reduce the drag beyond what is possible with passive 

methods. It operates by means of two mechanisms. The first is to stabilize the boundary layer which 

moves the laminar-to-turbulent transition point further back on the airfoil (Boermans, 2006:20). The 

second mechanism entails reducing the boundary layer thickness, which results in drag reduction 

(Green, 1997:1). Suction is, however, not yet a practical solution and no modern glider is equipped 

with suction technologies (Carmichael, 2002:75; Boermans, 2006:20). 

 

In summary, the wing profile drag can be reduced by reducing the airfoil thickness and by 

increasing the extent of the laminar flow on the airfoil surfaces. The prevention of laminar 

separation bubbles will further reduce drag. Lastly, boundary layer suction has the potential of 

reducing the profile drag beyond what is possible with passive methods. 

 

2.5. Summary 

It was stated that the basic mission requirement for modern gliders is to achieve the highest 

average cross-country speed over races of up to 1000 km in length. This mission profile can be met 

by designing a glider with the lowest possible sink rate at both the low-speed and high-speed ends 

of the speed range. This will allow for efficient climbing in thermals as well as efficient cruising. It 

was shown that the speed range for 18 m-Class gliders is between 80 km/h and 290 km/h. The 

effective maximum speed for cross-country flying is, however, only 220 km/h and the glider must 

therefore be designed for the lowest possible sinking speed up to 220 km/h. It was further shown 
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that the major drag items are the profile and fuselage drag at high-speed and the profile and 

induced drag at  low-speed. Consequently, these are the areas on which the designer should focus 

his attention during the design of a new glider. 
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3. Wing design with spanwise tailored airfoils sect ions 

3.1. Literature review 

3.1.1. Background 
The development of the modern glider advanced rapidly during the years between 1965 and 1975 

when modern composite manufacturing methods allowed for the use of natural laminar flow airfoil 

sections on gliders. This shifted the focus from reducing manufacturing errors aimed at improved 

performance to the use of specially designed airfoil sections that could take advantage of the better 

manufacturing tolerances (Kensche, 2003:100). The new manufacturing methods allowed the 

development of new airfoil sections with longer laminar flow regions and therefore very low drag 

(Horstmann & Boermans, 2003: 90).  

 

Designers, notably F. X. Wortmann, D. Althaus and R. Eppler, designed new airfoil sections 

specifically for use on high-performance sailplanes. The development of these airfoils was based on 

limited analytical methods with extensive wind tunnel testing. Airfoil design was thus a very time-

consuming and costly affair (Brinkmann & Zacher, 1992:119).  

 

Very few of the airfoils in the era up to 1970 were designed for a specific glider, and sailplane 

designers had to use airfoil sections from published data and catalogues (Althaus & Wortmann, 

1981; Raymer, 1989:39; Pajno, 2006:97). An exception is the Phoenix glider designed by Eppler, 

for which he developed a dedicated airfoil (Thomas, 1999:178). Special airfoils were also developed 

for a few Akavlieg developed gliders such as the SB11 and the SB14 (Thomas, 1999:212, 214).  

 

This state of affairs changed in 1980 when Wortmann, Althaus and Holigaus designed the FX79 

airfoil section specifically for the Ventus sailplane of Schempp-Hirth (Johnson, 1981:34). For the 

first time, an airfoil section was developed for a specific commercial sailplane and the airfoil data 

was proprietary information owned by the manufacturer of the glider.  

 

This was followed by the work of Boermans at the Delft University of Technology. He developed a 

series of airfoil sections for the ASW 24, ASH 26 and ASW 27 series of gliders manufactured by 

Alexander Schleicher (Boermans & Van Garrel, 1997:11). 

 

The transition from using catalogue airfoils to airfoils designed for a specific glider was partially 

brought about by the availability of airfoil analysis software. Two codes, XFOIL by Drela (1989:1) 

and the Eppler code (Eppler & Somers, 1980) made it possible to analyze the performance of airfoil 

sections on a computer instead of relying solely on wind tunnel testing. Initially a great deal of 

comparative work was undertaken and it was found that there was good agreement between the 

software and wind tunnel results (Gopalarathnam & Selig, 2001:59). This allowed airfoil sections to 

be developed at a lower cost and airfoils could therefore be designed for specific gliders on a 

regular basis. 
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The general rule between 1985 and 2000 was to design a specific main airfoil section for the glider 

wing, and to use that airfoil section everywhere on the wing. The ASH 26 glider, for example, used 

the DU 92-131 airfoil section over the complete wing surface (Thomas, 1999:213). Holigaus 

(1971:1) as well as Boermans and Oberlink (1983) showed that there is much scope for 

improvement in terms of the airfoil sections of the wing towards the tip due to the narrow chords 

and resulting low Re. This was also confirmed by Pajno (2006:119). 

 

Designers sometimes substituted an airfoil with better stalling characteristics towards the wingtip 

with a view to improve the stall characteristics of the glider, but never only to reduce the drag. This 

was done on the ASW 20 glider where the FX62-K-131 airfoil was used at the root, and the  

FX60-126 airfoil towards the tip (Thomas, 1999:210).  

 

The profile drag of laminar airfoil sections increases rapidly with the reduction in Re number due to 

the growth of the laminar separation bubble (Abbott & Von Doenhoff, 1949:149). It is therefore 

necessary to use airfoil sections that are more Re tolerant at the low Re areas such as on the 

wingtip. This was done by Waibel in the design of the ASW 27 and ASW 28 gliders, where he used 

a second Re tolerant airfoil section at the tip with a gradual morphing between the airfoil sections 

(Selinger, 2003:229-231). 

 

A further development of the method was also used on the ASW 27 and ASW 28, where a third 

airfoil section was used at the root section to improve the performance of the wing in the turbulent 

flow region of the fuselage (Selinger, 2003:229-231). This approach of three airfoil sections was 

also used on the Eta glider that was developed between 1996 and 2005 (Eta, 2004). A turbulent 

airfoil section was used at the wing root with a main laminar flow airfoil section on the inboard 

section of the wing, and a third laminar flow airfoil section on the outboard wing. 

 

3.1.2. Need for the study 
The performance of the wing and the associated airfoil sections are at the heart of any high-

performance glider. It was shown in Section 2.4 that the profile drag is the largest drag contributor 

at high speeds, with more than 50 percent of the total drag at high speed and as much as 25 

percent of the total drag at low-speed. It is thus of vital importance during the design of a new glider 

that the profile drag of the glider should be minimized as its potential for overall performance 

enhancement is the largest.  

 

As glider performance began to converge to a point where it was difficult to make further advances, 

it became necessary to investigate areas where small performance improvements were still 

possible. One of these areas is the further development of the previously mentioned technique of 

using a Re tolerant airfoil section at the wing tip. During the development of the JS1, it was decided 

to use multiple airfoil sections on the wing, each optimized for minimum drag at the local Reynolds 

number on the specific station on the wing. This approach is novel and allows for a significant 
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reduction in the profile drag of the complete wing. The development of these airfoil sections will be 

discussed in this chapter. 

 

The literature survey pointed out that the Antares glider (Lange Aviation, 2004), which was 

developed in the same time frame as the JS1, also seems to have used this approach. The only 

reference to this was found on the Antares website where it is advertised that the glider uses 

several airfoil sections on the wing. This might have been a parallel development, although no data 

could be found in the scientific databases to support such an assumption. 

 

The details of the new Open Class sailplane, the Concordia, developed by Dick Butler in 

conjunction with Gerhard Waibel and Loek Boermans, were revealed at the 30 OSTIV Congress in 

Hungary (Boermans, 2010). As the keynote speaker, Boermans showed the details of the 

Concordia wing design. The same concept of spanwise tailored airfoils, as is presented here, was 

used on the Concordia. The aerodynamic development, however, took place during 2004 to 2005 – 

three years after the aerodynamic design of the JS1 was completed in 2001. The Concordia project 

plans to have their first flight during 2012. 

 

3.2. Glider airfoil design 

3.2.1. Airfoil boundary layer theory 
It was previously pointed out that the skin friction drag in a laminar boundary layer can be four times 

lower than that of a turbulent boundary layer in the Re range where glider airfoils operate (Thomas, 

1999). The skin friction drag on an airfoil can therefore be significantly reduced if the flow is laminar 

instead of turbulent.  

 

The transition from laminar flow to turbulent flow depends on the critical Re. At values below the 

critical Re, disturbances will dampen and will not result in transition. At higher values, the boundary 

layer is unstable and disturbances will grow and result in a transition from laminar to turbulent flow. 

The specific value of the critical Re depends strongly on the conditions that prevail in the flow field 

(Schlichting, 1979:451). 

 

Free-shear flows are characterized by inflected velocity profiles that are susceptible to inviscid 

instabilities. Wall-bounded flows can have inflected velocity profiles, but can also have non-inflected 

velocity profiles where viscous instabilities play a role (Gad-El-Hak, 2000:105). These viscosity 

dominated wall-bounded flows are more stable, but also more difficult to control. The critical Re for 

the wall-bounded flows can, however, be increased by passive and active control strategies. These 

control strategies all aim at modifying the shape of the velocity profile in order to minimize the 

growth of unstable waves (Gad-El-Hak, 2000:110). 
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Figure 3-1 shows the velocity profiles over a smooth flat plate with neutral disturbance. The velocity 

profiles at the separation point and in the separation area are inflected profiles which are typical of 

transition and separation. Figure 3-2 shows the five different velocity profiles and their derivates 

associated with laminar flow, transitional flow and separated flow.  

 

 

Figure 3-1: Velocity profiles on a flat plate with a neutral disturbance (Schlichting,1979:474). 

U = Free stream velocity. 

 

  

Figure 3-2:  Boundary layer normal velocity profile s with first and second derivates next to it 

(Gad-El-Hak, 2000:106). U = Free stream velocity. 
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The velocity profiles where the second derivative, 
��/
��, is negative near the wall, is typical of 

boundary layers that are stable and able to sustain laminar flow. If the second derivate is positive 

near the wall, the profile is inflected and more unstable. An inflected velocity profile is a necessary 

and sufficient condition for inviscid instability (Schlichting, 1979:463). 

 

The instantaneous stream-wise momentum equation in the boundary layer along a non-moving wall 

is given by Gad-El-Hak (2000:110) and is shown in Equation (3-1). The right-hand side of the 

equation represents the velocity flux at the surface and is essentially the second derivative of the 

normal velocity profile, as shown in Figure 3-2. If the right-hand side of Equation (3-1) is therefore 

positive, the boundary layer is unstable. The terms on the left-hand side can be used to manipulate 

the boundary layer stability and are called the stability modifiers (Gad-El-Hak, 2000:111). 
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The first, second and third terms of Equation (3-1) are wall motion terms where wall motion can be 

used to manipulate the shape of the velocity profile. The third term also includes the velocity 

through the wall, vw. This term can be made negative with wall suction if vw < 0 and positive with 

blowing vw > 0. The fourth term is the wall pressure gradient and shows that a negative pressure 

gradient will increase the stability. The last term on the left-hand side is the viscosity term and 

shows that stability can be modified by changing the viscosity at the surface. This can be achieved 

by heating and cooling of the surface. 

 

The stability modifiers that are used in this study to control the boundary layer are the third and 

fourth term methods. The fourth term is the pressure term where the shape of the wall surface is 

used to manipulate the pressure distribution. Long laminar flow regions can be maintained by 

moving the position where the positive pressure gradient starts as far downstream as possible. This 

technique was used in the development of the airfoil sections and will be discussed in the following 

sections of this chapter. The third term-method entails the use of suction and blowing to stabilize 

the boundary layer, and will be discussed in Chapter 4. 

 

3.2.2. Airfoil lift and drag characteristics 
The design goal for glider airfoil sections is to minimize the drag at the design lift coefficients 

(Thomas, 1999:92). It was shown in Section 2.3 that the design lift coefficients for the JS1 glider 

airfoils are Cl = 0.2 in the cruise phase and Cl = 1.3 for climbing. The Re range for an 18 m-Class 

glider can be calculated from the typical flight speeds, as was shown in Table 2-1. The root and tip 

chords of the JS1 are 0.795 m and 0.2 m, respectively. The operational Re therefore lies between  

2 x 105 and 3.8 x 106 for which natural laminar flow is possible (Wells, 1967: 174). 
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Glider airfoil sections take advantage of the lower drag associated with natural laminar flow by 

using long laminar flow regions on the top and bottom of the airfoil surface. Typical modern airfoil 

sections sustain natural laminar flow up to 93 percent of the chord on the bottom surface and up to 

70 percent of the chord on the upper surface (Boermans & Van Garrel, 1997:14). This is achieved 

by moving the position where the adverse pressure gradient starts as far as possible downstream 

through the surface shaping of the airfoil (Gad-El-Hak, 2000:114-115). 

 

The laminar-to-turbulent flow transition point is also the position where pressure recovery starts. If 

the laminar flow region on the upper surface is extended beyond the 70 percent chord position, the 

pressure recovery gradient becomes too steep and flow separation usually results (Gad-El-Hak, 

2000:115). The same situation is true for the lower surface where the pressure recovery starts at 

the 93 percent cord position, and separation is controlled with an artificial turbulator at this position. 

 

When the airfoil angle of attack is increased, the maximum negative pressure on the top surfaces 

moves forward. As the angle of attack is further increased, the flow at the trailing edge starts to 

separate with the associated loss in lift on that portion of the airfoil, as shown in Figure 3-3. 

 

 

Figure 3-3: Pressure distribution on NWU00-17 airfo il during high angle of attack 

 

If the negative pressure peak on the leading edge of the airfoil increases the lift enough to 

compensate for the loss of lift on the rear portion of the airfoil, then the lift curve has a positive 

gradient. If the increase in lift due to the low-pressure peak on the leading edge is less than the 

decrease in lift on the trailing edge, the lift curve has a negative gradient. The latter case is typical 
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of most of the modern laminar flow airfoil sections for gliders, and it shows up as a pre-stall 

discontinuity in the lift curve. 

 

Figure 3-4 shows the lift curve for the DU97-127/15M airfoil section developed by Boermans 

(2006:5) for the Antares glider. The figure shows the lift curve for flap settings from 0° to 20°. The  

pre-stall discontinuity in the lift curve is clearly visible at the larger positive flap deflections, showing 

that there is a decrease in lift coefficient as the angle of attack increases at that point. 

 

 

Figure 3-4: Lift coefficient against angle of attac k for the DU97-127/15M airfoil section at 

different flap settings (adapted from Boermans, 200 6:5) 

 

Pilots have suspected that the discontinuity in the lift curve is detrimental for the climbing 

performance of gliders, especially in rough turbulent thermals (Thomas, 1999:92). They have 

compensated for this by flying sufficiently fast so that the airfoil does not operate in the region of the 

negative gradient. This, however, requires an increase in pilot workload and is not an optimal 

solution. 

 

It was shown in detailed calculations by Termaat (2009), Boermans (2008) and Kurbinski (2006) 

that when the glider is flown in the zero or negative gradient positions of the lift curve, it is 

impossible to gain height from upward gusts. The problem is so severe that if the slope on the lift 

curve is zero or negative, any positive or upwards gust will result in a loss of height when the glider 

is flown in that lift coefficient range. It was further shown by Boermans (2008) that the expression 
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for the height gained from an upward gust depends on the gradient of the lift curve. As soon as the 

gradient is negative, the height gain is also negative. 

 

It is therefore important to design airfoil sections for gliders so that there is no pre-stall portion 

where the slope of the lift curve is zero or negative. The airfoils of the JS1 were therefore developed 

with the aim of avoiding the pre-stall discontinuity in the lift curve. It should be pointed out that this 

decision was made based on the experience of a number of competition pilots before the 

quantitative data and explanations of Kubrinski and Boermans were made available in 2006.  

 

3.2.3. Wing stall characteristics 
It was mentioned in Chapter 1 that an integrated design approach was followed in the design of the 

JS1. This approach entails designing simultaneously for performance as well as for handling 

characteristics. One of the most important aspects of handling qualities is the behaviour of the 

glider at high angles of attack (Raymer, 1989:447). The behaviour in this regime is dominated by 

the stall and spinning characteristics which can be estimated by calculating a lateral control 

departure parameter (Raymer, 1989:447).  

 

These parameters, however, become highly non-linear near the stall and may not yield usable 

results. It is therefore normal to apply simple design rules during the design stage with a view to 

ensure good handling characteristics (Raymer, 1989:448). The design rule for the stall spin 

characteristics is to ensure that the airfoils are designed with mild stalling characteristics and that tip 

stalling on the wing is prevented (Raymer, 1989:449).  

 

The induced drag generated by a wing is directly related to, among others, the shape of the 

planform. It has been shown that a wing with an elliptical planform - without geometric or 

aerodynamic twist - has the minimum induced drag (Houghton & Carpenter, 2003:248). A planform 

with six tapered panels was used for the JS1 wing in an attempt to approximate the elliptical 

planform. The JS1 wing planform is shown in Figure 3-5. 

 

 

 

 

 

Figure 3-5: JS1 wing planform 

 
A fully elliptical wing design is, however, accompanied by the problem of poor handling 

characteristics (Thomas, 1999:100). The reason for this is that each spanwise wing section will stall 

simultaneously because each airfoil section along the span is operating at the same lift coefficient. 

This will result in a sudden wing drop during the stall, which is an undesirable condition and is 

usually described by pilots as a poor handling characteristic that should be avoided. 
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Figure 3-6 shows the spanwise lift distribution of the JS1 as calculated with the panel code KK-Aero 

(Kubrinski, 1997:87). It follows that the wing will start to stall simultaneously at the 4.5 m and 7 m 

positions if all airfoil sections on the wing have the same maximum lift coefficient. The chord at the 

last three panels was increased slightly in order to unload the tip and to delay the onset of stalling 

there. The stall at the wingtip of a wing with an elliptical distribution can be further reduced by using 

wingtip airfoil sections with a higher maximum lift coefficient than that of the inboard wing sections. 

This will delay the stall at the wing tip sections and will allow the pilot to maintain roll control during 

the stall.  

 

 

Figure 3-6: JS1 spanwise lift distribution 

 
The maximum lift coefficient for an airfoil is strongly influenced by Re (Hoerner, 1975:4-10). 

Boermans (1989:16) found that the maximum lift decreases with Re for the DU89-134 airfoil 

section. This is a laminar airfoil section for gliders with a 13.4 percent thickness. This means that 

the tip stalling will be more pronounced when the same airfoil section is used at the root and tip due 

to the decrease in Re towards the tip.  

 

The Re effect on airfoil maximum lift coefficient was calculated with XFOIL for the AS97-129/14 

airfoil section. This airfoil section was derived from the DU 89-134 airfoil section and was used in 

the preliminary design phase of the JS1. Figure 3-7 shows the JS1 wing stalling characteristics 

when only the AS97-129/14 airfoil section is used from the root up to the tip. It follows from  

Figure 3-7 that the JS1 planform will have a tip-stall tendency in this configuration. This can be 

rectified when the maximum lift coefficient of the tip airfoil section is increased compared to the 

inboard sections. Torenbeek (1982:240) suggests that a margin of Cl = 0.1 should be used from the 

position where stall first occurs. An increase of 3 percent in the maximum lift coefficient at the tip 

will provide the required margin, as shown in Figure 3-7. 
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Figure 3-7: JS1 wing stalling characteristics with single airfoil section 

 
The maximum lift coefficient of each airfoil section along the span is thus an important design 

parameter. Careful attention must be given to the maximum lift of the tip airfoil sections as this will 

directly influence the handling characteristics of the glider. The stall characteristics also depend on 

the shape of the lift curve at the maximum lift coefficient. A sharp reduction in lift after the maximum 

lift coefficient will also result in poor stalling characteristics. The airfoil sections for the JS1 should 

therefore be designed with a gentle reduction in the lift beyond the maximum lift coefficient. 

 

3.2.4. Airfoil design method 
The airfoil design process followed in this thesis was to prescribe a desired pressure distribution on 

the upper and lower surface of an airfoil section. The shape of the pressure distribution was chosen 

for specific characteristics such as suitability for allowing laminar flow, required lift and delaying 

separation. The pressure distribution was then used to calculate the airfoil shape. Once the airfoil 

shape was defined, a detailed drag polar calculation was performed to evaluate the drag 

characteristics across the desired lift coefficient range for the desired Re. 

 

By iteratively changing the shape of the pressure distribution, the profile drag could be minimized at 

the design Re. Once the first airfoil shape was optimized, it was used as the starting point for the 

different spanwise airfoil sections. The same iterative technique was used to minimize the drag of 

each airfoil at each spanwise section. 

 

The calculation process was simplified using the two-dimensional airfoil design code XFOIL. As 

stated previously, there are two open-source airfoil design codes available to the designer. These 

are the Eppler code by Richard Eppler and XFOIL by Mark Drela (1989). Both these codes are 
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suitable for the design of laminar flow airfoil sections for gliders, and XFOIL has the ability to 

inversely calculate the airfoil surface shape from a specified pressure distribution. It was decided to 

use the XFOIL code for this project since the author has had some previous experience using it. 

 

The accuracy of the code was verified by gathering evidence from literature for similar test cases. 

This was used to prove the suitability of the code in the Re range of interest to this study. As a final 

step, a full-scale airfoil section was manufactured, wind tunnel tested and the results were 

compared to the calculated data. 

 

3.2.5. Validation of method 
The airfoil design code XFOIL was specifically developed to handle the complex boundary layer 

flow phenomena associated with low Re flow as well as the boundary layer shock interactions of 

high-speed flows (Drela, 1989). XFOIL is used throughout the glider development community and is 

accepted as a fast, reliable analysis tool for the laminar flow airfoils (Thomas, 1999:21). This 

section will provide validation for the suitability of XFOIL as design and analysis tool. This will be 

achieved in two ways. The first will be to evaluate the evidence from the literature and the second 

will present wind tunnel test results. 

 

Literature validation of XFOIL results 

It was shown that the Re range of interest for this study is between Re = 0.2 x 106 and  

Re = 3.8 x 106. The data from literature must thus provide verification results for this range. 

Reid (2006:40-44) points out that a general finding was that the accuracy of XFOIL decreases at  

Re < 0.1 x 105, and increases at higher Re. The strategy in validation is therefore to prove the 

accuracy across the required Re range, but with emphasis on the low end of the Re range. The 

accuracy must also be proven for the type of laminar flow airfoil sections that will be developed in 

this chapter. 

 

In the initial testing performed by Drela (1989), this author compared XFOIL results with the wind 

tunnel results of three different airfoil sections. Drela calculated the Eppler 387 airfoil data at Re 

from 0.6 x 105 to 0.2 x 106 and showed that there is good agreement with the wind tunnel data. The 

FX67-K-170 glider airfoil section was also analysed at Re = 2 x 106 and again he found that the 

results agreed well with wind tunnel data. 

  

Kellogg and Bowman (2004) compared the XFOIL results of three different airfoils with wind tunnel 

data. The airfoils used were E387, SA7035, and GOE417A and they were compared over a Re 

range of 0.6 x 105 to 1.5 x 105. There was a good correlation between the wind tunnel data and the 

XFOIL results and they found that XFOIL over-predicts the maximum lift coefficient by  

11 percent. The over-prediction was found to be consistent and they concluded that it does not 

affect comparative results. Singh et al. (2000) found similar results with the NACA 0009,  

NACA 2414, SD7030, and S1223 at Re of 0.80 x 105, 0.1 x 106, and 0.3 x 106.  
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Gopalarathnam and Selig (2001:59) compared the XFOIL results for the NASA NLF (1)-0416 

natural laminar flow airfoil section with wind tunnel data. The comparison was done at a  

Re = 3 x 106 and it was found that XFOIL over-predicts the maximum lift by 6 percent. The drag and 

shape of the laminar bucket agreed well with the wind tunnel data, and they concluded that XFOIL 

is well suited for the comparative analysis of natural laminar flow airfoil sections. 

 

Timmer (2009) used a modified version of XFOIL called RFOIL to investigate the performance of 

the NACA 63 and 64 series of laminar airfoils. He tested the airfoils in the Re range of 3 x 106 to  

10 x 106. He found that at Re = 3 x 106 XFOIL predicts the maximum lift coefficient accurately within 

1 percent, but under-predicted the minimum drag by 9 percent for a wide range of airfoils and 

Reynolds numbers.  

 

Reid and Kozak (2006:50) conclude that XFOIL is a suitable tool for laminar separation bubble 

modelling and is therefore well suited for airfoil analysis when Re > 0.6 x 105. At Re = 0.6 x 105 the 

lift is over-predicted by 11 percent and the drag is under-predicted by 5 percent. With Re = 0.2 x 106 

the lift is still over-predicted by 11 percent, but the drag is under-predicted by 1 percent. They also 

point out that the over-prediction of lift and under-prediction of drag occurs consistently and XFOIL 

is therefore suitable for analyzing the difference between airfoil sections. 

 

Windte et al. (2006) compared the results for XFOIL with wind tunnel results for the SD7003 airfoil 

at Re = 0.6 x 105. The boundary layer shape function and thickness were compared and a good 

correlation was found between the wind tunnel data and XFOIL.  

 

The most renowned glider airfoil designer, L.M.M. Boermans (1998:4), points out that XFOIL is 

especially well suited for the analysis of airfoils where a laminar separation bubble plays a 

detrimental role, as it is able to accurately predict the position and shape of the separation bubble. It 

is therefore well suited for the design of laminar flow airfoil sections for gliders (Scherrer, 2008:85). 

 

It is thus clear from the literature that XFOIL is suitable as a design and analysis tool for airfoils in 

the Re range from 2 x 105 to 3.8 x 106. The code over-predicts the maximum lift by approximately 

11 percent and under-predicts the drag by approximately 5 percent, but because this happens 

consistently, it can be used for comparative design studies.  
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Wind tunnel verification of XFOIL 

For the development of the JS1 airfoil sections, it was deemed necessary to validate the XFOIL 

results with wind tunnel tests. This would provide a better understanding of the software and would 

prove the suitability of the software for the JS1 family of airfoil sections. The previously mentioned 

AS97-129/14 airfoil section was used for this test. This airfoil has a maximum thickness of t/c = 12.9 

percent and all later JS1 airfoils were derived from it. It is therefore a suitable airfoil shape to prove 

the accuracy of the XFOIL data for the JS1 type airfoil sections. 

  

The airfoil was tested in the wind tunnel facility of the University of Pretoria. The tunnel has a 

contraction ratio of 8 and a maximum speed of 100 m/s. The test section is 800 mm high and two 

endplates were installed in the test section between which the airfoil was tested. The distance 

between the endplates was 720 mm. The test airfoil had a 300 mm chord and the maximum test 

speed was 42 m/s, which resulted in a Re = 700 000. The tunnel turbulence was unknown, but the 

tunnel operators suggested that a maximum speed of 42 m/s be used as the turbulence levels 

increased notably beyond that speed (Crosby 1997).  

 

Tests were conducted at angles of attack of -6°, -3 °, 0°, 6° and 9°. At each angle of attack, the flap  

setting was varied from -3°, 0°, 12.5° and 20°. The  lift and moment coefficients were calculated 

from 25 pressure points on the upper surface and 25 on the lower surface of the airfoil. The drag 

was measured with a drag rake with 30 pressure points. The drag was calculated using the 

momentum loss method described by Ahmed (2001).  

 

It was found that only the data at the 12.5° settin g proved to be reliable. This was due to the fact 

that an equipment error was detected at the end of the test. This fault was corrected but time and 

cost constraints meant that only the 12.5° flap set ting could be retested. The tunnel blockage 

correction factor based on the method of Thom (in Ray & Pope, 1984:354) was calculated to be 

0.97 for the drag and 0.95 for the lift. The correction factors were applied to the measured data and 

the calculation of these are shown in Appendix A. 

 

Figure 3-8 shows the lift curve for the AS97 airfoil. The general data from the wind tunnel test is 

close to the XFOIL predicted results. XFOIL over-predicts the maximum lift coefficient by 14 

percent, as was expected from the data obtained from the literature.  

 

Figure 3-9 shows that there is good agreement between the measured and calculated polars for the 

AS97 airfoil. The curves show the high drag at low lift coefficients when the flow on the bottom 

surface of the wing is fully turbulent. As the angle of attack increases, the flow on the bottom 

surface becomes laminar and the drag decreases. Both XFOIL and the test data show the low drag 

laminar drag bucket which starts at Cl = 0.5 and extends to Cl = 1.2. At the high-lift condition, the 

drag increases again as the transition point on the top surface starts to move forward. 
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Figure 3-8: Lift curve for airfoil AS97 calculated with XFOIL and measured in wind tunnel  

 

 

Figure 3-9: Calculated and measured drag polar for airfoil AS97 

 

There is a reasonable agreement between the calculated and measured drag data in the low drag 

bucket. XFOIL over-predicts the drag at Cl = 0.7 by 4.5 percent. At the high-lift conditions lift is over- 

predicted, as was also shown in Figure 3-8. The over-prediction of the lift results in an under-

prediction of the drag at this condition. At Cl = 1.1, the drag is under-predicted by 22 percent. This is 

also a function of an inadequate number of test points in that region.  

 

The agreement between XFOIL and the limited wind tunnel tests performed here, showed that 

published correlation between XFOIL and wind tunnel results also seem to be valid for the airfoil 

type used on the JS1 glider. This gave the author confidence to use XFOIL as the primary airfoil 

analysis tool in this thesis. 
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3.3. Airfoil design specifications 

3.3.1. Global specifications 
The design lift coefficients for the JS1 wing were defined in Section 2.3.3. As these lift coefficients 

are required for the desired mission profile, the design of the specific airfoil sections simply reduces 

the minimizing of the profile drag at these lift coefficients. The additional requirements for stall 

characteristics and lift curve slope were given in Sections 3.2.2 and 3.2.3. The airfoil design 

specifications are summarized as: 

 

1. Minimize profile drag for each position along the span based on local Re. 

2. Design cruise lift coefficient: 0.2. 

3. Design climbing lift coefficient: 1.3.  

4. Design airfoils with gentle stall characteristics. 

5. Avoid a negative or zero gradient in the pre-stall lift curve. 

6. Design tip airfoils with a 3 percent higher lift coefficient to reduce tip stall characteristics of 

the elliptical planform. 

3.3.2. Airfoil numbering and local specifications 
It was mentioned that the JS1 planform consists of six tapered sections to approximate a full 

elliptical wing planform. The length of each panel was determined by the requirement for an 

elliptical distribution. It was decided to develop the spanwise airfoil sections at each panel end 

position. The airfoil positions and chord length, c, are shown in Figure 3-10. 

 

 

 

 

 

 

Figure 3-10: JS1 Main wing tapered sections 

 

The chord length together with the speed range of the glider were used to calculated the local Re 

range for each airfoil on the wing. It was shown in Section 2.3.2 that the practical speed range of an 

18 m-Class glider is between 97 km/h and 220 km/h. Table 3-1 shows the airfoil number and name 

with the local Re number for speeds of 100 km/h, 150 km/h and 220 km/h. The name assigned to 

each airfoil section is based on the development year, thickness and Re range. The naming 

convention is given in Appendix B. 
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Table 3-1: Local Reynolds number on JS1 wing for di fferent flight speeds 

Airfoil no. Airfoil name Chord length Operational Reynolds number (x106) 

  (mm) Vg = 100 km/h Vg = 150km/h Vg = 220km/h 

1 NWU-02A-23-12.7-14 769.5 1.46 2.18 3.20 
2 NWU-02A-21-12.7-14 718 1.36 2.04 2.99 
3 NWU-00A-17-12.7-14 615 1.16 1.75 2.56 
4 NWU-02A-13-12.7-14 479 0.91 1.36 1.99 
5 NWU-02A-10-12.7-14 412 0.78 1.17 1.72 
6 NWU-02A-08-12.7-14 320 0.61 0.91 1.33 

7 NWU-02A-06-13.6-14 230 0.44 0.65 0.96 
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3.4.  Airfoils design results 

3.4.1. Design results: Airfoil No. 3, NWU00A-17-127 -14 
This section will show the basic design features of the Airfoil No. 3. This airfoil section is positioned 

on the wing of the JS1, 5700 mm from the centreline of the aircraft. All the other airfoils were 

derived from this airfoil and it is therefore designated the base airfoil section. It was designed 

according to the specifications as set out in Section 3.3.1 with the design Re range of 1.16 x 106 < 

Re < 2.56 x 106. 

 

With the given Re range it is possible to obtain significant laminar flow regions on the upper and 

lower surface of the airfoil section. The laminar flow regime of this airfoil is sensitive to angle of 

attack, and a camber changing flap at the 86 percent chord position was used to extend the range 

of the laminar bucket. 

  

The top surface was designed for the longest possible laminar flow regime without inducing a 

negative gradient in the lift curve when the flow at trailing edge of the upper surface begins to 

separate. The pre-stall negative gradient in the lift curve is for the most part determined by the 

gradient of the pressure recovery region on the rear of the wing. The effect is only a problem at the 

high positive flap deflections, as was shown in Figure 3-4. It was found that the most aft pressure 

recovery start position, which will still result in a positive lift curve gradient, is at the 61 percent 

chord position.  

 

Figure 3-11 shows the effect of the lift curve gradient when the start of the pressure recovery 

position is shifted from the 65 percent position to the 80 percent position. A region with a negative 

gradient appears in the lift curve between an angle of attack of 4° to 5°. The right hand side of 

Figure 3-11 shows the transition point on the upper and lower surface of the airfoil as a function of 

lift coefficient. This gives an indication of the skin friction drag of the airfoil. This graph is part of the  

standard output of XFOIL which cannot be changed and is not of direct interest to this study. 

 

The upper surface of the wing was designed with the flap at the +13.5° flap setting, which is the 

low-speed climbing configuration. For this setting, the upper surface curve across the flap was 

designed to be a smooth continuous curve without a kink at the flap hinge point. Surface pressure 

was kept constant up to the 61 percent chord position where pressure recovery starts. This enables 

the flow to be laminar up to the 65 percent chord position. Figure 3-12 shows the surface pressure 

distribution on the airfoil with the +13.5° flap se tting. 

 

The lower surface was designed with the flap at the 0° setting, which is the high-speed cruise 

configuration. The pressure on the lower surface was kept constant to keep the boundary layer 

stable. This allows the flow to remain laminar up to the 93 percent chord position. The pressure 

recovery starts at this position and an artificial trip is used here to prevent the formation of a 
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separation bubble. Figure 3-13 shows the pressure distribution and airfoil shape with the 0° flap 

setting. 

 

 

Figure 3-11: Effect of upper-surface pressure recov ery start position 

 

 

Figure 3-12: Pressure distribution on Airfoil No. 3  for 13.5° flap deflection 
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Figure 3-14 shows the composite drag polar of Airfoil No. 3 for the flap deflection range of -3° to 

+16.7°. Most of the design features of an airfoil c an be determined from the drag polar. Figure 3-14 

shows that the high-speed design point of Cl = 0.2 is achieved with the -3° flap setting and th e 

resulting profile drag is Cd = 0.0035. The low-speed design point of Cl = 1.3 is reached with the 

13.5° flap setting as well as with the 16.6° flap s etting. The profile drag at this point is Cd = 0.0071. 

 

 

Figure 3-13: Pressure distribution on Airfoil No. 3  for 0° flap deflection 

 
The maximum lift coefficient is calculated to be Cl = 1.62 with the 16.7° flap settings. As XFOIL 

over-predicts the maximum lift coefficient by approximately 14 percent, the actual maximum lift 

coefficient should be Cl = 1.42, which is still higher than the requirement of Cl = 1.3.  

 

Design Specification Four requires a gentle stall. Figure 3-14 shows that the stall with this airfoil 

should be gentle as the lift decreases slowly after the lift peak. This was confirmed in the flight test 

phase of the glider where the stall was reported to be very mild and controllable (Jonker & 

Oosthuisen, 2009). 

 

The last applicable design specification requires that there should be no negative gradient in the 

pre-stall lift curve. Figure 3-14 shows that the negative gradient in the pre-stall lift curve was 

completely avoided with this airfoil section. The figure shows that the lift curve gradient for the 16.7° 

flap settings decreases, but always remains positive. 
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The effect of designing airfoil sections for a specific Re range will be highlighted in the following 

sections by comparing the drag of different airfoil sections across a Re range. The comparison must 

be performed for the correct flap settings that will be used for the different flight phases. The 

optimum flap setting for each speed is that flap setting which will result in the lowest profile drag at 

that particular speed. 

 

 

Figure 3-14: Airfoil No. 3 composite polar 

 
As only a finite number of flap settings can be used during flight, each flap setting has a range of 

speeds for which it performs optimally. For the airfoils developed here, the design flaps settings are 

-3°, 0°, +5°, +13.5°, +16.7°. Table 3-2 shows the m aximum speed of the optimum speed range for 

each of the five design flap settings as well the Re number for each airfoil section used on the wing 

of the JS1. 

 

The following two sections show the design details of Airfoil No. 1, which was designed for a higher 

Re, and for Airfoil No. 4, which was designed for a lower Re than the base airfoil section. As the 

same design methodology is followed for all the airfoil sections, only a summary of the results will 

be given for the other four airfoil sections.  
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Table 3-2:  Re number for each airfoil section corresponding to t he optimum speed for each 

flap setting 

Airfoil no. Airfoil name Operational Reynolds number (x106)      

    Vg =220 km/h Vg =200 km/h Vg =130 km/h Vg =120 km/h Vg =100 km/h 

     δ = -3°  δ = 0°  δ = 5°  δ = 13.5°  δ = 16.7° 

1 NWU-02A-23-12.7-14 3.2 2.9 1.9 1.7 1.5 

2 NWU-02A-21-12.7-14 3.0 2.7 1.8 1.6 1.4 

3 NWU-00A-17-12.7-14 2.6 2.3 1.5 1.4 1.2 

4 NWU-02A-13-12.7-14 2.0 1.8 1.2 1.1 0.9 

5 NWU-02A-10-12.7-14 1.7 1.6 1.0 0.9 0.8 

6 NWU-02A-08-12.7-14 1.3 1.2 0.8 0.7 0.6 

7 NWU-02A-06-13.6-15 1.0 0.9 0.6 0.5 0.4 
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3.4.2. Design results: Airfoil No. 1, NUW02A-23-127 -14 
The general design specifications for this airfoil are the same as for the Airfoil No. 3, except for the 

higher Re range. The design Reynolds number range for Airfoil No. 1 is 1.46 x 106 < Re < 3.2 x 106. 

This allows the airfoil to be designed for lower profile drag due to the possibility of increasing the 

length of the laminar flow on the upper surface.  

 

The bottom surface for Airfoil No. 1 is the same as for Airfoil No. 3. The pressure recovery start 

position on the upper surface was moved to the 63 percent position, as shown in Figure 3-15. This 

pressure distribution allows the upper surface to remain laminar up to the 67 percent chord position 

at the design Re = 2 x106. This implies 2 percent more laminar flow that would have been possible 

with Airfoil No. 3 at this Re. 

 

 

Figure 3-15: Pressure distribution on Airfoil No. 1  with a 13.5° flap deflection 

 
Figure 3-16 shows the airfoil shape in comparison with the base airfoil section, namely Airfoil No. 3. 

The rearward shift of the pressure recovery start position has moved the upper surface of the airfoil 

upward by 0.019 percent of the chord, as indicated in the figure. The base airfoil contour is shown 

in red. The dimensional differences are so small that it is virtually impossible to see on the scale of 

this figure. This also serves as an indication of the manufacturing tolerances required for this type of 

airfoil.  
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Figure 3-16: Shape comparison between Airfoil No. 1  and Airfoil No. 3. 

 
Figure 3-17 gives the composite polar for Airfoil No.1. The design cruise lift coefficient, Cl = 0.2, is 

achieved in the -3° flap setting with Cd = 0.0033 which is 0.6 percent lower than for Airfoil No. 3. The 

low-speed design lift coefficient, Cl = 1.3 is achieved with the 16.7° flap setting with  Cd = 0.00625. 

There is also no pre-stall negative gradient in the lift curve and Figure 3-17 shows that the stall 

characteristics will be gentle. The maximum lift coefficient was calculated to be Clmax = 1.63. 

 

 

Figure 3-17: Airfoil No. 1 composite polar 

The effect of tailoring the airfoil section for the specific Re range can be shown by calculating the 

drag difference between Airfoil No. 1 and the base airfoil section, Airfoil No. 3. Figure 3-18 shows 

the percentage drag difference for different flap settings between these airfoils. A positive value 

indicates that Airfoil No. 1 is better than the base airfoil, Airfoil No. 3. The drag difference was 
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calculated for flap settings of -3°, 0°, 13.5° and 16.7° at corresponding lift coefficients of 0.2, 0. 3, 

1.2, and 1.4 which is the average operation lift coefficient for each flap setting. 

 

Figure 3-18 shows that at the high-speed flap settings of -3°, this airfoil has lower drag than the 

base airfoil for Re > 2 x 106. The medium-speed flap setting of 0° gives lower d rag for  

2 x 106 < Re < 3 x 106. At the low-speed flap settings, this airfoil is better in the Reynolds number 

range of 0.7 x 106 to 2 x 106 – which again corresponds to the design Reynolds number range. The 

drag decrease for the 13.5° flap setting is 2 perce nt at Re = 1.5 x 106. At the 16.7° flap setting, the 

drag decrease is as high as 9 percent.  

 

 

Figure 3-18: Drag difference between Airfoil No. 1 and the base airfoil, Airfoil No. 3 

 
The discontinuities in the drag difference graphs are due to the rapid movement of the transition 

point on the top and bottom surface of the wing with Re change. The transition point has a 

significant effect on the drag and thus also on the percentage drag difference between the airfoils. 

This serves to demonstrate the importance of designing the airfoils for the correct Re range at each 

station. 

 

The percentage drag difference as shown in Figure 3-18 only indicates general trends, but an 

effective improvement value can be obtained by calculating the improvement across the entire 

practical speed range of the JS1. Table 3-3 shows the drag difference calculated at speeds from  

85 km/h to 220 km/h. At each speed, the optimum flap settings were used and a CL value was 

calculated from which the airfoil drag and percentage improvement were calculated. An overall 

improvement value was obtained by summing the weighted percentage improvements at each 

speed.  
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Table 3-3: Airfoil No. 1 drag reduction as function  of airspeed and flap setting. 

Re: x 106 1.29 1.36 1.66 1.97 2.12 2.88 2.88 3.33 
Vg (km/h) 85 90 110 130 140 190 190 220 

CL (600kg) 1.54 1.37 0.92 0.66 0.57 0.31 0.31 0.23 
Optimum flap setting (°) 16.7  13.5 13.5 5 0 0 -3 -3 

Drag reduction over base section (%) 0.35 -1.70 -0.39 1.65 1.44 0.92 1.39 0.89 

Airfoil overall improvement (%) 0.68 

 

The weight used at each speed was derived from the fraction of time a glider typically spent at each 

of the different speeds during a competition flight, and is shown in Table 3-4. The weight values will 

change with the weather conditions and with the percentage time spent climbing. The values shown 

in Table 3-4 are based on experience of competition pilots flying 18 m-Class gliders at the South 

African National Gliding Championships (Jonker, 2011; Goudriaan, 2011). 

 

Table 3-4: Weight values for calculating overall ai rfoil improvement value 

V (km/h) 85 90 110 130 140 170 190 220 
Weight  0.1 0.1 0.1 0.05 0.2 0.25 0.15 0.05 

 

It follows from Table 3-3 that Airfoil No. 1 has lower drag than Airfoil No. 3 across the entire speed 

range except for the 90 km/h to 110 km/h interval. The overall improvement value is  

0.68 percent.  

 

3.4.3. Design results: Airfoil No. 4, NUW02A-13-127 -14 
Airfoil No. 4 is positioned outboard of the base airfoil section and therefore the operational Re range 

is lower than for the base airfoil. The design Re range is 0.91 x 106 < Re < 1.99 x 106. The lower Re 

results in the boundary layer remaining laminar for longer, although the airfoil is more sensitive to 

rear-surface separation at higher angles of attack. 

 

The design approach followed for lower Re airfoils is to compensate for the rear surface separation 

problem by moving the pressure recovery start position towards the leading edge so that the 

pressure recovery gradient is less steep. This allows the flow to stay attached for longer, but results 

in a loss of lift on the rear of the airfoil. This can be compensated for by increasing the loading on 

the forward part of the airfoil. 

  

Figure 3-19 shows that the pressure recovery start position was shifted to the 60 percent position, 

which resulted in upper-surface laminar flow up to the 67 percent chord position. The surface 

pressure from the leading to the 40 percent chord was lowered by 0.5 percent to compensate for 

the loss in lift on the aft surface. The surface pressure of Airfoil No. 3 is shown in red for 

comparison purposes. 
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Figure 3-19: Surface pressure distribution Airfoil No. 4 with 13.5° flap deflection 

Figure 3-20 shows that the change in pressure distribution has moved the rear surface of the airfoil 

downward by 0.00019c while the forward portion of the airfoil surface was raised by 0.0002c. The 

red lines in Figure 3-20 depict the base airfoil section surface contour. 

 

 

Figure 3-20: Shape comparison between Airfoil No. 1  and Airfoil No. 4 

Figure 3-21 shows the composite polar for Airfoil No. 4. The design cruise lift coefficient  

Cl = 0.2 is attained with the -3° flap settings with Cd = 0.00394. This is 17.6 percent higher than the 

drag of the base airfoil section, and this increase is due to the lower operational Re range.  

Start of upper surface 

pressure recovery for 

 δ = 13.5° 

Increase in loading on 

airfoil forward part 
Viscous pressure 
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Figure 3-21: Airfoil No. 4 composite polar 

 
The climb lift coefficient Cl = 1.3 is attained with the 13.5° and the 16.7° fla p setting with  

Cd = 0.00741. The lift curve shows that there is no pre-stall negative gradient and that the stall 

should be gentle. 

 

Figure 3-22 shows the drag difference for different flap settings between the base airfoil and  

Airfoil No. 4. At the high-speed flap settings of -3°, Airfoil No. 4 has lower drag than the base airf oil 

section for Re < 1.5 x 106. With the 0° flap setting, Airfoil No. 4 has less drag than the base airfoil 

section for Re < 1.25 x 106. At the 13.5° flap settings, Airfoil No. 4 will ha ve less drag at  

Re < 0.8 x 106 and with the 16.7° flap setting will have less dra g at Re < 0.45 x 106. 

 

The drag reduction is shown in Table 3-5 as a function of flap setting and airspeed. There is a drag 

reduction only at speeds below 130 km/h with a zero percent penalty at 190 km/h. The overall 

improvement value for this airfoil is 0.32 percent, which shows that the drag penalty at the higher 

speeds is therefore deemed to be acceptable.  

 

Design Cl: Cruise 

Design Cl: Climb 

No negative 

gradient Gentle stall 
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Table 3-5: Airfoil No. 4 drag improvement as function of airspeed and flap s etting

Re: x 106 
Vg (km/h) 

CL (600kg) 
Optimum flap setting 

Drag reduction over base section (%)

Airfoil overall improvement (%)
 

Figure 3-22: Drag difference between 

 

3.4.4. Design results
The design results for Airfoil 

Here the results for the remaining airfoil sections, that is 

discussed. As the same design methodology was followed for 

the results are given. Table 3

marked in blue and the airfoils already discussed are

 

Table 3-6: Airfoil Re range  

Airfoil nr. Airfoil name 

1 NWU-02A-23-12.7
2 NWU-02A-21-12.7
3 NWU-00A-17-12.7
4 NWU-02A-13-12.7
5 NWU-02A-10-12.7
6 NWU-02A-08-12.7
7 NWU-02A-06-13.6
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drag improvement as function of airspeed and flap s etting

0.77 0.82 1.00 1.19 1.28
85 90 110 130 140

1.54 1.37 0.92 0.66 0.57
16.7 13.5 13.5 5 

over base section (%) 5.08 0.22 0.76 0.00 -1.02

Airfoil overall improvement (%) 0.32 

Drag difference between Airfoil No. 4 and the base airfoil , Airfoil No. 3

results : Airfoil No. 2, 5, 6, 7 
 Numbers 1, 3 and 4 were discussed in detail in the previous sections.

Here the results for the remaining airfoil sections, that is Airfoil Numbers 2, 5, 6, and 7 

the same design methodology was followed for these sections, 

3-6 shows Re range for all the airfoil sections. The base airfoil section is 

airfoils already discussed are shown in green. 

 

Chord length 
(mm) 

Re range 
(million)

12.7-14 769.5 
12.7-14 718 1.36 
12.7-14 615 1.16 
12.7-14 479 0.91 
12.7-14 412 0.78 
12.7-14 320 0.61 
13.6-14 230 0.44 

0.75 1 1.25 1.5 1.75 2
Reynolds number x 10 6

-3°

0°

13.5

16.7

Flap setting 

drag improvement as function of airspeed and flap s etting  

1.28 1.73 1.73 2.01 
140 190 190 220 

0.57 0.31 0.31 0.23 
0 0 -3 -3 

1.02 0.00 -0.23 -1.03 

 

, Airfoil No. 3  

and 4 were discussed in detail in the previous sections. 

2, 5, 6, and 7 will be 

these sections, only a summary of 

The base airfoil section is 

Re range 
(million) 

1.46 - 3.3 
1.36 - 2.99 
1.16 - 2.56 
0.91 - 1.99 
0.78 - 1.72 
0.61 - 1.33 
0.44 - 0.96 

13.5°

16.7°

setting 
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Design for Reynolds number 

Figure 3-23 shows the drag difference for different flap settings between the base airfoil and  

Airfoil No. 2. This airfoil is situated inboard of the base airfoil and operates at 1.36 x 106 < Re  

< 3 x 106. Airfoil No. 2 is an improvement over the base airfoil at the -3° flap setting for Re > 2.25 x 

106. At the 0° flap setting, this airfoil gives lower drag for Re > 2 x 106. The drag at the high-speed 

design point of Cl = 0.2 with the -3° flap setting is 0.8 percent lower  than that of the base airfoil. For 

the 0° flap setting, the average drag reduction is 0.5 percent. 

 

 

Figure 3-23: Drag difference between Airfoil No. 2 and the base airfoil, Airfoil No. 3 

 
The low-speed flap settings give lower drag for Re > 1 x 106. Table 3-7 shows the drag reduction as 

function of airspeed and flap settings. It follows that this airfoil performs better than the base airfoil 

across the speed range. The overall improvement is 0.52 percent. 

 

Table 3-7: Airfoil No. 2 drag reduction against air speed and flap setting 

Re: x 106 1.16 1.23 1.50 1.78 1.91 2.60 2.60 3.01 
Vg (km/h) 85 90 110 130 140 190 190 220 

CL (600kg) 1.54 1.37 0.92 0.66 0.57 0.31 0.31 0.23 
Optimum flap setting 16.7 13.5 13.5 5 0 0 -3 -3 

Drag reduction over base section (%) 0.29 0.08 0.19 0.23 0.93 0.56 0.54 0.87 

Airfoil overall improvement (%) 0.52 

 

Figure 3-24 shows the drag reduction for Airfoil No. 5. This airfoil is positioned outboard of the base 

airfoil, Airfoil No. 3, and is tailored for 0.78 x 106 < Re < 1.72 x 106. This airfoil has lower drag than 

the base airfoils section at the high-speed flap settings of -3° and 0° for Re < 1.3 x 106. In the 

climbing configuration, the drag is lower than that of the base airfoil for Re < 0.7 x 106 in the 13.5° 

flap settings and for Re < 0.45 x 106 for the 16.7° flap setting. 
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Figure 3-24: Drag difference between Airfoil No. 5 and the base airfoil, Airfoil No. 3 

 
Table 3-8 shows the drag reduction against airspeed and flap setting. The only drag reduction 

occurs at speeds below 110km/h. There is, however, a significant drag reduction at 85 km/h. This is 

due to the inability of the base airfoil section to produce the required CL value of 1.5 at  

Re = 0.67 x 106. The overall improvement value for this airfoil is 1.33 percent, which shows that the 

drag penalty at the higher speeds is deemed acceptable. 

 

Table 3-8: Airfoil No. 5 drag reduction against air speed and flap setting 

Re: x 106 0.67 0.71 0.86 1.02 1.10 1.49 1.49 1.73 
Vg (km/h) 85 90 110 130 140 190 190 220 

CL (600kg) 1.54 1.37 0.92 0.66 0.57 0.31 0.31 0.23 
Optimum flap setting 16.7 13.5 13.5 5 0 0 -3 -3 

Drag reduction over base section (%) 17.69 0.22 1.35 -0.36 -1.15 -0.46 -1.12 -1.20 

Airfoil overall improvement (%) 1.33 

 

Figure 3-25 shows the drag reduction for the Airfoil No. 6. This airfoil is positioned outboard of 

Airfoil No. 3 and is tailored for 0.66 x 106 < Re < 1.33 x 106. At the high-speed flap settings of -3° 

and 0°, Airfoil No. 6 has lower drag than the base for Re < 1.30 x 106. At the positive flap deflection 

of 13.5°, the drag for this airfoil is lower than f or the base airfoil section at Re < 0.67 x 106 and at  

Re < 0.45 x 106 for the 16.7° flap setting.  

 

-10

-8

-6

-4

-2

0

2

4

6

8

10

0 0.5 1 1.5 2

D
ra

g 
di

ffe
re

nc
e 

(%
)

Reynolds number x 106

-3°

0°

13.5°

16.7°

Flap setting



3. SPANWISE TAILORED AIRFOIL SECTIONS 

61 

 

 

Figure 3-25: Drag difference between Airfoil No. 6 and the base airfoil, Airfoil No. 3 

 
Table 3-9 shows the drag reduction as function of flap setting and airspeed. It follows from the table 

that this Airfoil No. 6 is better than the base airfoil for speeds below 190 km/h. There is a 

6.47 percent penalty at 90 km/h. The overall improvement of this airfoil section is 3.09 percent. 

 

Table 3-9: Airfoil No. 6 drag reduction against air speed and flap setting 

Re: x 106 0.52 0.55 0.67 0.79 0.85 1.16 1.16 1.34 
Vg (km/h) 85 90 110 130 140 190 190 220 

CL (600kg) 1.54 1.37 0.92 0.66 0.57 0.31 0.31 0.23 
Optimum flap setting 16.7 13.5 13.5 5 0 0 -3 -3 

Drag reduction over base section (%) 28.70 -6.47 5.19 2.67 0.00 1.38 -0.60 -0.87 

Airfoil overall improvement (%) 3.09 

 

Figure 3-26 shows the drag reduction for Airfoil No. 7 in comparison to the base airfoil. This airfoil is 

positioned at the tip of the wing and operates at 0.44 x 106 < Re < 0.96 x 106. A geometrical 

requirement for this airfoil was that the flap hinge position should not be thinner than 7 mm to 

accommodate the flap hinge pin bush, which is 6 mm in diameter. This was achieved by increasing 

the flap width to 15 percent chord instead of the 14 percent chord as used on the previous airfoil 

sections. 

 

The improvement range for this airfoil at the high-speed flap settings is for Re < 1.25 x 106. The 

low-speed improvement range at the 13.5° flap setti ng is for Re < 1 x 106 and at 16.7° flap setting 

for Re < 0.5 x 106. 
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Figure 3-26: Drag difference between Airfoil No. 7 and the base airfoil, Airfoil No. 3  

 
Table 3-10 shows that Airfoil No. 7 has lower drag than the base airfoil across the entire speed 

range with an overall improvement of 6.9 percent. This airfoil section was designed after the 

inboard wing moulds had been completed. The method of increasing the flap width might be used 

successfully on the inboard airfoil sections of NWU02A-8 and NWU02A-10 to move the 

improvement range to higher Re. This will be done on future versions of the glider. 

 

Table 3-10: Airfoil No. 7 drag reduction against ai rspeed and flap setting 

Re: x 106 0.32 0.34 0.42 0.49 0.53 0.65 0.72 0.84 
Vg (km/h) 85 90 110 130 140 170 190 220 

CL (600kg) 1.54 1.37 0.92 0.66 0.57 0.31 0.31 0.23 
Optimum flap setting 16.7 13.5 13.5 5 0 0 -3 -3 

Drag reduction over base section (%) 19.91 0.25 11.37 7.80 5.36 6.53 3.41 2.72 

Airfoil overall improvement (%) 6.90 

 

Negative gradient in the lift curve 

Figure 3-27 shows the high-end of the lift curve. Only the results for the 16.7° flap setting are show n 

as the effect gets more pronounced at the higher flap settings. The figure shows that it was possible 

to design the airfoil sections so that the pre-stall negative gradient in the lift curve is absent. 
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Figure 3-27: Comparison of lift curves for airfoils  along wing at +16.7° flap setting 

 

Gradual stalling characteristics 

Figure 3-27 shows that the stalling characteristics of all the airfoils will be gradual as there is no 

abrupt loss of lift after Clmax. The wingtip airfoil, Airfoil No. 7, exhibits a particularly gradual approach 

to the stall with a slow loss of lift after the maximum lift condition.  

 

Airfoil Design Goal Six was to increase the lift capacity of the wingtip airfoil sections for improved 

handling characteristics. The data in Figure 3-27 seems to disprove this requirement as the 

maximum lift coefficient of the wingtip airfoil is 1.53 in comparison to a Clmax= 1.58 on average for 

the inboard airfoils and Clmax = 1.63 for Airfoil No. 1.  

 

It was found that the Clmax value of these airfoils is also sensitive to Re and will decrease as Re 

decreases. The wingtip airfoil does however have the highest Clmax value of all the airfoil sections at 

the wingtip design Re. It was found that if the base airfoil was used at the wingtip Re, the Clmax 

would have been 1.48 with a severe negative gradient in the lift curve. Airfoil No. 7 therefore has a 

3 percent higher Clmax over the design Re range of 0.44 x 106 < Re < 0.96 x 106 and therefore meets 

Design Specification 7. 

 

Figure 3-28 shows the spanwise lift distribution as calculated with KK-Aero (Kubrinski, 1997:87) as 

well as the section Clmax for the different airfoils along the wing span. The point where the stall will 

begin is where the wing local lift coefficient value coincides with sectional maximum lift coefficient. 

 

 

No negative 

gradient Gentle stall 
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Figure 3-28: Spanwise lift distribution compared wi th section maximum lift coefficient. 

 

Figure 3-28 shows that stall will start at a position 6.7 m from the aircraft centre line and will move 

inboard and outboard from that point. There is ample reserve for stalling at the last outboard section 

from 8.2 m to 9.0 m. It follows from Figure 3-28 that the JS1 wing will stall gently with full aileron 

control in the stall. This was proven in flight testing and it was shown that the JS1 has gentle stall 

characteristics without a sudden roll-off to any side. When the roll eventually starts, it is fully 

controllable with the ailerons (Jonker & Oosthuisen, 2009). 
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3.5. Airfoil experimental results 

The airfoil sections developed in the previous section were not tested in a wind tunnel before 

manufacturing of the JS1 wing moulds commenced. This was not done as it was felt that the 

reliability of the design software was sufficient and budget constraints prevented further wind tunnel 

testing. The airfoils on the completed glider were, however, qualitatively assessed during test flying. 

The wing maximum lift coefficient was calculated from the stall speed and the extent of the laminar 

flow on the wing surfaces was measured. Lastly, the airfoil stall performance was assessed from 

the stall characteristics of the glider. 

 

3.5.1. Maximum lift coefficient 
The wing maximum lift coefficient was calculated from the measure stall speed of the JS1 during 

test flying. The glider was flown at a mass of 550 kg and at the 13.5° flap setting. The equivalent 

airspeed calibrated for the test conditions was measured to be Vs1 = 82 km/h (Jonker & Oosthuisen, 

2009). The average maximum lift coefficient for the wing was calculated to be CL = 1.504. A 

calibrated airspeed indicator was used for all flight testing and the calibration certificate is attached 

in Appendix D. 

 

This value can be compared to the XFOIL data for the base airfoil section which is used at the 

mean chord position of the wing. Figure 3-14 shows that the maximum lift coefficient predicted for 

the Airfoil No. 3 is 1.62. The predicted maximum lift is 7.7 percent higher than the measured value 

and compares favourable with XFOIL that over-predicts the maximum lift coefficient.  

 

The measured maximum lift coefficient is, however, larger than the design maximum lift coefficient 

of 1.3. The airfoil section designed here therefore meets the maximum lift design requirement set 

out in Section 3.2.5. 

 

3.5.2. Laminar flow on wing 
The extent of the laminar flow on the wing was measured using flow visualization techniques. Two 

tests were conducted. The first was conducted with the JS1 glider during flight testing while the 

second test was performed in the wind tunnel with a wing test section. In both cases black oil 

thinned with paraffin was sprayed onto the wing surface just before the test commenced. The 

airflow blew the excess oil off the surface of the wing and left behind a trace of the prevailing 

surface boundary layer condition. 

 

Figure 3-29 shows the oil pattern on the JS1 wing at the Airfoil No. 3 position. The test was 

conducted at Vg = 130 km/h with the flap in 0° flap setting. The t akeoff mass of the glider was  

432 kg, which resulted in the wing operating at CL = 0.47. The local Re at the test position was  

Re = 1.27 x 106. The forward position of the separation bubble on the upper is not very clear as the 

oil was too thick for the cold conditions that prevailed during the test flight. The figure shows that the 
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rear edge of the separation bubble, which is the transition position, is located at the 71 percent 

chord position. The XFOIL prediction for this condition is a transition position of 68 percent chord. 

There is a 3 percent difference between the XFOIL and the measured data. This can be attributed 

to uncertainty in the exact transition position from the oil flow results. 

 

 

 

Figure 3-29: Oil flow test at V = 130 km/h, 0° flap  setting, Airfoil No. 3 

The next test was conducted with the 0° flap settin g at Vg = 120 km/h. Figure 3-30 shows the oil flow 

data at the Airfoil No 7 position. The wing operated at CL = 0.47 with Re = 4.0 x 105. The rear edge 

of the separation bubble is at 69 percent chord, which corresponds well with the XFOIL prediction of 

70 percent chord. 

 

 

Figure 3-30: Oil flow test at V = 120 km/h, 0° flap  setting, Airfoil No. 7 

 Transition position 

Transition position 

0.71 c 

0.69 c 
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The last test was conducted in the North-West University (NWU) wind tunnel. The specification for 

this tunnel and test setup is given in Section 4.3. The test was conducted at Re = 4 x 105 in the 0° 

flap setting at an angle of attack of α = 2°. Figure 3-31 shows the upper surface boundary  layer 

separation bubble. The rear edge of the bubble is at the 72 percent chord position, which coincides 

perfectly with the XFOIL prediction of 72 percent. 

 

 

Figure 3-31: Wind tunnel oil flow test,  Re = 4 x 105, α = 2°, 0° flap setting, Airfoil No. 3 

The transition position on the lower surface of the wing was not clearly visible from the oil flow tests 

as the boundary layer is very thin and the artificial trip prevented the formation of a separation 

bubble. Acoustic mapping during the wind tunnel testing, however, showed that the transition point 

on the lower surface also coincided with the XFOIL predictions. 

 

These investigations show that the agreement between the experimental data and XFOIL results 

are better than 3 percent. The airfoils were therefore successfully designed for laminar flow on the 

top and bottom surface as was shown throughout this chapter. 

 

3.5.3. Stall characteristics 
The stall characteristics were evaluated during the certification test flight programme of the JS1. 

The stalling characteristics were found to be gentle without any wing dropping tendencies during 

the stall. Full roll control was maintained during the stall (Jonker & Oosthuisen, 2009). 

 

This proves that the design requirement of gentle stalling for all the airfoil section was met. The 

relatively higher design lift coefficients for the tip airfoil section were also successful in that tip-

stalling was prevented and that the glider is fully controllable in the roll axis during the stall.  

 

 

3.6. Conclusion 

In this chapter, the design requirements for the airfoil sections of the JS1 glider were developed. 

The airfoil analysis and design code, XFOIL, was selected to be used in the design of the airfoil 

sections. The suitability of XFOIL and the validity of the XFOIL results were proven with literature 

data as well as with limited wind tunnel tests conducted with an airfoil from the JS1 family. 

Separation bubble front edge 

Separation bubble rear  

edge = Transition position 

0.72 c 

Laminar flow Turbulent flow Separation bubble 
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Seven different airfoil sections were designed for the JS1 and the design features of each was 

discussed. It was shown how each of these airfoil sections was an improvement on the original 

airfoil section at the local Re. It was also shown how the airfoils were designed to avoid the pre-stall 

negative gradient in the lift curve so as to improve the glider’s climbing characteristics.  

 

The airfoil design results were compared with selected data points obtained during flight and wind 

tunnel testing. The experimental data supported the theoretical design values. The effect of the 

spanwise tailored airfoil sections on the overall performance of the JS1 will be shown in Chapter 7. 
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4. Active boundary layer controlled airfoil 

4.1. Literature review 

4.1.1. Background 
Boundary layer control is a generic term used for referring to the manipulation of the boundary layer 

in order to reduce the drag or to increase the lift or to achieve both (Brasslow, 1999:1). The notion 

of boundary layer control can be divided into passive boundary layer control and active boundary 

layer control. It was shown in Section 3.2.1 that boundary layer stability can be manipulated through 

the use of five different stability modifiers (Gad-El-Hak, 2000:110). The airfoils of the JS1 have been 

designed by means of the use of the pressure stability modifier, as was shown in Chapter 3. This 

was done by shaping the airfoil surfaces in order to create large regions with negative pressure 

gradients which could sustain laminar flow. This method is called passive boundary layer control. 

 

Active boundary layer control, on the other hand, is the result of actively blowing air into the 

boundary layer, tripping the laminar boundary layer to turbulent, or by sucking air out of it (Braslow, 

1999:1). In 1904, Prandtl demonstrated experimentally that the separation of the boundary layer 

could be delayed in an adverse pressure gradient by applying suction to the surface (Young, 

1989:1; Gad-El-Hak, 2000:113). This can also be explained with reference to the stability modifiers. 

 

It was shown in Section 3.2.1 that the third term of the stream-wise momentum integral equation 

constitutes the stability modifier for flow through the wall. This term becomes negative if a 

component of the flow is sucked out through the wall, or positive if flow is injected through the wall 

into the boundary layer. Boundary layer suction will therefore stabilize the boundary layer by filling 

up the inflected velocity profile, as shown in Figure 4-1 (Schlichting, 1979:383; Messing & Kloker, 

2008:53).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-1: Boundary layer velocity profile in fron t and behind suction slot (adapted from 

Houghton & Carpenter, 2003:506) 
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Boundary layer control has been used on gliders since 1982 when Althaus (1982) presented his 

results on the effect of artificial transition on airfoils. Most modern gliders use an artificial boundary 

layer tripping device on the bottom surface of the wing, which forces the laminar boundary layer to 

turbulent flow before natural transition occurs (Horstmann & Boermans, 2003:94). This prevents the 

formation of a laminar separation bubble and thus reduces drag.  

 

Jones, in 1928, was the first to suggest that boundary layer suction – when applied to the surface of 

a wing – will extend the laminar flow further than it would occur naturally and thus reduce drag  

(Carmichael, 2002:70). From 1940 to 1944, Pfenninger showed that laminar flow could be extended 

from the natural transition point up to the trailing edge of an airfoil when suction is applied at a 

single suction slot positioned at the 77 percent chord position. The profile drag coefficient 

decreased, in this instance, from Cd = 0.0047 without suction to Cd = 0.0037 when suction was 

applied. He also used a boundary layer tripping device in the same experiments to artificially trip the 

laminar boundary layer to turbulent flow in an attempt to prevent separation (Schlichting, 1979:397). 

 

This work was followed up by Brasslow (1950; 1951) who applied suction to a porous surface of the 

NACA 64A010 airfoil. The suction was able to stabilize the boundary layer so that 100 percent 

laminar flow was achieved on the upper surface of the wing. A drag reduction of 62 percent was 

measured. Braslow and Visconti (1951:1, 4) pointed out that the drag reduction is insensitive to the 

Reynolds number if sufficient suction could be provided. 

 

The first application of boundary layer suction to sailplanes was done by Raspet in 1949 to 1952. 

He used a glider as a test bed to investigate the use of boundary layer suction as a control device 

(Bridges, 2007:1635). Wortmann and Althaus also performed boundary layer suction experiments 

on a glider wing in 1964, but were discouraged about the possibilities of these for gliders. They 

commented that natural laminar flow could already achieve laminar flow over 70 percent of the 

chord, leaving only 30 percent of the chord to be improved upon by suction, which was at the time 

not deemed worthwhile to pursue (Carmichael, 2002:74).  

 

The effect of suction on the overall performance of a glider was calculated by McMasters and Nash-

Weber (1977:24). They demonstrated that glide ratios in the order of 90 to 100 (compared to about 

65 of current Open Class gliders) are possible with a glider with a 100 percent laminar flow wing. 

Boermans (2006:25) showed that if suction is applied to a Standard Class glider, the maximum 

glide ratio improves from 43 to 60. It is therefore possible to create significant performance 

improvements to gliders through the use of boundary layer suction. 

 

All of the above glider-related suctions studies have focused on the top surface of the wing. The 

reason for this is that the bottom surface of the wing already achieves up to 85 percent to 93 

percent laminar flow due to the favourable pressure gradient that exists there, and there is thus very 

limited scope for more laminar flow. On the upper surface, however, passive methods only allow for 
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laminar flow up to about 70 percent of the chord (Boermans & Van Garrel, 1997:14, 15). Therefore, 

there is more scope for drag reduction on this surface. 

 

Upper surface suction is, however, expensive in terms of energy requirements because the suction 

takes place against the negative pressure on the top surface of the wing. This means that a 

significant power source is required to drive the suction pump. Boermans (2006, 24) showed that up 

to 48 W/m2 is required for top surface suction. Since glider competition rules do not allow for the 

use of any type of stored energy to drive the suction systems or for energy from solar cells, this type 

of suction must rely on a passive suction source (Boermans, 2006:21). 

 

Suction developed from the airflow around the airframe usually has a cost in terms of drag and 

complexity that outweighs the benefits. Plesser (2000) suggested the use of a windmill to charge 

batteries during the climbing phase of the flight. He calculated that, with such a system, the overall 

drag of the glider can be as low as 0.004. He also pointed out, however, that the entire concept of 

extracting energy from the air stream and storing the energy is very complicated and not yet 

practical. 

 

It follows from this literature review that the use of active boundary layer control through suction as 

a practical solution for performance improvement of gliders is not yet achievable. The next section 

will present a new boundary layer control scheme that overcomes the problems of the conventional 

suction systems and provides a practical method for drag reduction. 

 

4.1.2. Need for the study 
It was shown in Section 3.1.2 that the JS1 airfoil family operates in the Re range of 0.5 x 106 to  

3.2 x 106. In this Re range, a natural transition of laminar to turbulent flow will occur through the 

laminar separation bubble process (Thomas, 1999:19). The laminar separation bubble results in 

higher profile drag than when transition is forced artificially (Horstmann & Quast, 1981:15). 

 

The JS1 airfoils are designed for a single pneumatic turbulator on the bottom surface at the  

93 percent chord position, as shown in Figure 4-2. This turbulator works very well during the 

negative flap deflections used in high-speed flight. Wind tunnel investigations, however, showed 

that the single turbulator is not optimal for positive flap deflections. 

 

The reason for this is that a positive flap deflection creates an adverse pressure gradient upstream 

of the flap lower surface kink. This results in the natural transition of the laminar flow to turbulent 

flow through the formation of a laminar separation bubble. Figure 4-3 shows the lower surface kink. 
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Figure 4-2: The pneumatic turbulator at the 93% cho rd position on the lower surface 

 

 

Figure 4-3: Wing surface detail at flap hinge line 

It was found that the airfoil drag can be reduced by tripping the laminar flow to turbulent flow 

upstream of the separation bubble. A suitable trip position is at the 71 percent chord position as the 

separation bubble forms downstream of this position. Figure 4-4 shows the 71 percent chord 

turbulator position. 

 

Figure 4-4: Turbulator at the 71 percent chord posi tion 

The JS1 airfoils thus require two different turbulators for positive and negative flap deflections. The 

positive flap turbulator must be situated at the 71 percent chord position while the turbulator for 

negative flap deflections must be situated at the 93 percent chord position. This system is called the 

double turbulator system.  

 

Continuous upper surface curve 

across flap hinge line 

Kink in lower surface at flap hinge line 
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The trip at the 71 percent chord position will, however, increase the drag at the high-speed flap 

settings where laminar flow up to the 93 percent chord position is possible. This problem can be 

overcome by using a pneumatic turbulator which can be shut off during the high-speed negative 

flap deflections to allow for a laminar flow up to the 93 percent position. To ensure that the 

turbulators do not leak during high-speed flight when they are shut off, a slight amount of suction 

can be applied to these blow holes. The suction will stabilize the flow in front of the wing to flap gap 

and will reduce the boundary layer thickness (Ulrich, 1944:2). The suction applied through the 71 

percent trip holes is called the suction system.  

 

This proposed boundary control system is incorporated into the wing of the JS1 glider through the 

use of two simple air ducts. Figure 4-5 shows a cross-section through the JS1 wing with the internal 

structure visible. The false spar at the rear of the wing forms an air duct for the 71 percent chord 

pneumatic turbulator, while the flap forms the air duct for the 93 percent chord position turbulator.  

 

 

Figure 4-5: Cross section through JS1 wing showing internal structure. 

 

The 71 percent chord turbulator must be activated during the positive flap deflection positions, as is 

shown in Figure 4-6. During the high-speed flap deflections, this turbulator is shut off and suction is 

applied at the turbulator holes – as is shown in Figure 4-7. The 93 percent turbulator is active during 

all flap settings. 

 

 

Figure 4-6: Wing and flap with the 71 percent turbu lator  
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Figure 4-7: Wing and flap with the 71 percent sucti on active during high-speed flight 

 

The boundary layer control technique proposed here uses steady blowing or suction through rows 

of holes depending on the flap position. This is different from the technique used by Sunm and 

Hamdani (2006:735), where the blowing and suction were alternated at a high frequency.  

 

In the following sections the possible drag savings of this technique will be discussed. The supply of 

blowing and suction is of no concern in this section, and only the aerodynamic effects of the 

boundary layer control system will be discussed. The discussion will be divided into the two parts. 

The first part is the effect of the turbulator at the 71 percent chord position and, secondly, the effect 

of suction at the 71 percent chord position will be indicated.  

  

4.2. Double turbulator system 

The effect on drag reduction with the double turbulator system was calculated with XFOIL. In this 

section, the XFOIL analytical results will be discussed. Wind tunnel test data will also be presented 

to validate the XFOIL results. Only the effect of the 71 percent turbulator will be discussed as all the 

airfoils developed in Chapter 3 were designed with a turbulator at the 93 percent chord position, 

and all the data was shown with the 93 percent turbulator active.  

4.2.1. Drag reduction 
During the simulation investigations that were done for the development of the NWU00-17 airfoil 

section, it was found that a separation bubble will develop on the lower surface during positive flap 

deflections. This separation bubble develops at all positive flap deflections but only the 13.5° flap 

deflection will be discussed here as this is the primary flap deflection used during thermalling.  

 

The bubble’s leading edge forms approximately at the 75 percent chord position and the flow 

reattaches at the 90 percent chord position on the flap, as indicated in Figure 4-8. The separation 

bubble is clearly visible as the deviation between the viscous and non-viscous surface pressure 

coefficient curves. Figure 4-9 shows the pressure distribution with a turbulator at the 71 percent 

position on the lower surface.  
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Figure 4-8:  Pressure distribution for 13.5° flap, turbulator active at 93% chord 

 

 

Figure 4-9:  Pressure distribution with 13.5° flap deflection, turbulator active at 71% chord on 

lower surface 
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Figure 4-9 shows that there is no deviation between the viscous pressure coefficient and non-

viscous pressure coefficients curves in the flap gap region. The turbulator has therefore prevented 

the formation of the separation bubble. The flow behind the turbulator is turbulent and remains 

attached up to the trailing edge. 

 

The profile drag coefficient, without turbulation, is Cd = 0.00657 with turbulation, Cd = 0.00625, 

which represents a drag reduction of 4.8 percent. This is a single point calculation and the overall 

effect is shown on the drag polar, as indicated in Figure 4-10.  

 

 

Figure 4-10: NWU00-17 airfoil with and without 71 p ercent turbulator active 

 

The solid line represents the lift against drag with 71 percent turbulator active, while the dashed line 

shows the turbulator in its inactive state. It can be seen that there is a drag reduction across the 

polar, but it increases towards the high-lift end of the laminar drag bucket.  

 

The drag reduction possible during the high-lift condition of the airfoil is represented with Labels 1 

and 2 in Figure 4-10. The drag reduction here is from Cd = 0.0122 to Cd = 0.009, which represents a 

26 percent profile drag reduction. That is a significant value and is positioned in a region where the 

glider is often flown during the climbing phase of the flight. 

 

4.2.2. Reynolds number sensitivity 
The Re sensitivity of the 71 percent chord turbulator as opposed to the 93 percent chord turbulator 

was investigated by comparing the drag polar across a range of Re numbers. As a first step, the 
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lowest possible Re number at each station on the wing was calculated. This was performed for a 

flying mass of 400 kg and a lift coefficient of 1.4, which represent the minimum flying mass and the 

maximum lift coefficient of the wing respectively. The minimum Reynolds number for each airfoil 

section on the wing of the JS1 is shown in Table 4-1. 

 

Table 4-1: Airfoil minimum Reynolds numbers 

Airfoil No. 
 

Airfoil name 
 

Airfoil position from  
centreline (mm) 

Minimum Re 
(million) 

1 NWU-02A-23-12.7-14 320 0.925 
2 NWU-02A-21-12.7-14 3100 0.835 
3 NWU-00A-17-12.7-14 5700 0.715 
4 NWU-02A-13-12.7-14 7500 0.557 
5 NWU-02A-10-12.7-14 8050 0.465 
6 NWU-02A-08-12.7-14 8550 0.372 
7 NWU-02A-06-13.6-14 8885 0.233 

 

The sensitivity was first analysed for Airfoil No.3, NWU00A-17, which is the base airfoil section. It 

was found that the 71 percent turbulator works well for the higher Re numbers, but it shows a 

sudden increase in drag at low Re numbers. Figure 4-11 shows the drag polar of Airfoil No.3 over a 

range of Re numbers.  

 

With the 71 percent turbulator active the profile drag is lower at Re = 1.5x106 and at Re = 1.0x106. 

At Re = 500 000, the profile drag is higher with the 71 percent turbulator activated and lower  

when only the 93 percent turbulator is activated. Airfoil No.3 will, however, always operate at  

Re > 500 000 and this effect will therefore be of no consequence. 

 

Figure 4-11: Reynolds number effect of the 71 perce nt turbulator on Airfoil No. 3 

Re = 500000 

Re = 1e6 

Re = 1.5e6 
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Table 4-1 shows that the inboard airfoil sections, specifically position 320 mm to position 7500 mm 

from the aircraft centreline, operate at a minimum Re > 500 000. The double turbulator system 

should therefore perform well at these positions. The last three airfoils, situated on the outboard 

wing, operate at a Re between 233 000 and 465 000. As these numbers are lower than the Re = 

500 000 cut-off value, it warrants further investigation. 

 

Figure 4-12 shows the drag polar for Airfoil No. 5 with the turbulator at 71 percent position both 

active and inactive for Re = 400 000, Re = 500 000 and Re = 600 000. The minimum operational 

Re for this aerofoil section is Re = 465 000. It follows from the figure that the 93 percent turbulator 

results in lower drag at Re = 400 000. At Re = 500 000, the 71 percent turbulator gives nearly the 

same drag as for the 93 percent turbulator alone, while the drag is significantly lower at Re = 600 

000 for the 71 percent turbulator.  

 

It can thus be concluded that for this station the use of a turbulator at the 71 percent position 

system presents neither an advantage nor a disadvantage. System complication will therefore rule 

out the use of the double turbulator system at position 8050 mm.  

 

Figure 4-12: Reynolds number effect of the 71 perce nt turbulator on Airfoil No. 5 

 

Figure 4-13 shows the effect of the double turbulator for Airfoil No.6. The minimum operational 

Reynolds number for this airfoil is 372 000 and the polar was calculated for the Re = 300 000,  

Re = 400 000 and Re = 500 000. Again, the drag is higher when the 71 percent turbulator is active 

at the two lower Reynolds numbers. At Re = 500 000, that drag is lower with the double turbulator 

system. The 93 percent chord turbulator must therefore be used at this station instead of the  

71 percent chord turbulator. 
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Figure 4-13: Reynolds number effect of the 71 perce nt turbulator on Airfoil No. 6 

The last airfoil section that was investigated was the tip airfoil section, No. 7 at the minimum 

operational Re = 233 000. Figure 4-14 shows the drag polar calculated for Re = 200 000,  

Re = 400 000 and Re = 500 000. Again it clearly shows that the turbulator at the 93 percent position 

must be used instead of the turbulator at the 71 percent position.  

 

 

Figure 4-14: Reynolds number effect of the 71 perce nt turbulator on Airfoil No. 7 
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4.2.3. Flap application range 
It was demonstrated in Chapter 3 that there is an optimum flap setting for each glide speed across 

the glider speed range. It is therefore important to investigate the effect of the double-turbulator for 

all the flap settings to establish those flap settings for which it should be activated. It was shown 

that the double-turbulator should only work for positive flap settings since it prevents the laminar 

separation bubble that forms in the flap gap during positive settings.  

 

The previous investigations were only performed for the 16.7° flap setting. Further investigations 

showed that the double-turbulator results in a drag reduction for all positive flap deflections larger 

than 13.5°. It was, however, found that the double- turbulator increases the drag at the 5° flap 

setting, which is the smallest positive flap setting.  

 

 Figure 4-15 shows the drag polar for Airfoil No.1 at five degree flap setting and a Reynolds number 

of Re = 1x 106. This flap setting is used for slow speed cruising when the airfoil operates at  

0.65 < Cl < 0.91. Figure 4-15 shows that for this lift coefficient range, only the 93 percent turbulator 

should be active since the use of the 71 percent chord turbulator will result in an increase in profile 

drag. 

 

The reason for this is that the bottom surface boundary layer is able to remain laminar through the 

flap gap up to the 93 percent chord position. Tripping at the 71 percent position increases the 

friction drag due to the longer turbulent flow region without the usual decrease in pressure drag 

when the separation bubble is removed.  

 

 

Figure 4-15:  Drag polar for Airfoil No.1 with the 71 percent turbulator active at 5° flap 

deflection 
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The effect of the turbulator at the 71 percent position in high-speed flight configuration is shown in 

Figure 4-16. The figure shows the drag polar of Airfoil No.1 at 0º flap setting with the 71 percent 

turbulator both active and inactive. The calculation was done for Re = 1.2 x 106 at the high-speed 

cruise lift coefficient of Cl = 0.3.  

 

The drag difference is indicated by Labels 1 and 2. The profile drag coefficient rises from  

Cd = 0.0048 to Cd = 0.0054, which is a profile drag penalty of 12.5 percent. This can again be 

ascribed to the increase in skin friction drag associated with the turbulent flow from the 71 percent 

position to the 93 percent position, in comparison with laminar flow in this region when the 

turbulator at the 71 position is inactive. 

 

 

Figure 4-16: Drag penalty with 71 percent turbulato r during high-speed flight 

  

This is a significant drag penalty, which illustrates the importance of keeping the front set of blow 

holes well sealed during the high-speed flight. The possible drag increase is so significant that it led 

to the idea of applying suction in order to make sure there is no outflow that might disturb the 

laminar boundary layer. This notion pertains to the suction system and will be discussed in  

Section 4.3. In summary, the front blow holes of the double-turbulator system should therefore only 

be activated during positive flap deflections larger than 13.5°. 
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4.2.4. Wind tunnel test results for double turbulat or  
In order to validate the double turbulator system analytical results two wind tunnel tests were 

conducted. The first test was performed in the North-West University (NWU) wind tunnel while the 

second test was performed in the Pretoria University wind tunnel.  

 

The maximum speed of the NWU wind tunnel was 22 m/s which gives a Reynolds number of  

Re = 400 000 for the test model. Detail of the test setup is provided in Section 4.3. At this low Re, 

XFOIL has shown that the double turbulator system will result in a drag increase. XFOIL predicts a 

drag increase of ∆Cd = 0.00074 at 3° angle of attack. This was confirme d in the tunnel testing with a 

measured increase of ∆Cd = 0.00059.  

 

The second test was conducted during the course of the same tests that were used to verify the 

XFOIL results, as was shown in Section 3.2.5. The AS97 airfoil section was used from which the 

JS1 airfoils were developed. The AS 97 airfoil differs from Airfoil No.3 in that the position of the 

transition point on the upper surface is 5 percent further to the rear than on Airfoil No. 3 (Jonker et 

al., 2001:195). The bottom surfaces of both airfoils are the same. The effect of the 71 percent 

turbulator is a lower surface effect and the wind tunnel results for the AS 97 airfoil should therefore 

be applicable to Airfoil No. 3. The details of the test setup were given in Section 3.2.5. 

 

The tests were performed at a Re = 0.7 x 106 with a 12.5° flap setting. This Re is sufficiently high to 

show the drag reducing effect of the double turbulator. Figure 4-17 shows the measured drag polar 

for this airfoil with the 71 percent chord turbulator active and inactive. 

  

 

Figure 4-17: Measured polar for the AS97 airfoil fo r 71 percent trip versus 93 percent trip 

 

Only four test points were obtained during the test, and these do not show the top corner of the low 

drag bucket clearly. The effect of a drag reduction with the 71 percent chord position turbulator 
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active is, however, clearly visible. For this airfoil section, a profile drag reduction of 17 percent was 

measured at Cl = 1.2 and it increased to 44 percent at Cl = 1.25, which is at the upper corner of the 

low drag bucket and the same position for which a 26 percent drag reduction was calculated with 

XFOIL (shown in Figure 4-10). The effect of the 71 percent turbulator can therefore be considered 

to have been validated.  

 

4.3. Boundary layer suction 

As no suitable numerical tool was available during the development of the suction component of the 

boundary layer control technology, pure experimental investigations were used to prove the concept 

and to investigate the possible drag reductions.  

 

The following section will provide the experimental results of the effect on profile drag due to 

boundary layer suction on the lower surface of the airfoil at the 71 percent chord position. 

 

4.3.1. Experimental method 
The wind tunnel experiments were conducted in the wind tunnel of the North West University at the 

Potchefstroom Campus. The wind tunnel is of the open-end type with a test section of 460 mm x 

460 mm. The maximum flow velocity through the test section is V = 22 m/s. The contraction ratio of 

the tunnel is 6.6.  

 

The exact value of the tunnel turbulence is not known, but it was found that laminar flow and 

transition results agreed well with the theoretical results of XFOIL (Jonker & Bosman: 2006,2). Van 

Staden and Meyer (1991:66) also demonstrated that the results of this tunnel agree well with 

published data for laminar airfoils. The turbulence level of the wind tunnel was estimated from the N 

value and the top surface transition position as Tu = 0.16%. This calculation is shown in  

Appendix C. Figure 4-18 shows the tunnel test section. 

 

For this investigation, the only parameters that required measurement were the profile drag and the 

laminar to turbulent transition point. The drag was measured using the momentum loss method as 

described by Ahmed (2001). This method applies a wake rake positioned behind the wing from 

which the total pressure in the wake is measured. This can be converted to the momentum loss in 

the wake, from which the drag coefficient can be calculated. The drag coefficient gives the total 

profile drag which includes the skin friction and pressure drag components. Figure 4-19 shows the 

wake rake which was manufactured with 32 Pitot points situated 2 mm from centre to centre.  

 

The total pressure from the wake rake was read from large manometers that were graded in mm. 

The manometer was inclined to 10° and methanol was used as manometer fluid to obtain a better 

resolution. For data capturing, the fluid levels on the manometers were photographed and the levels 

were read off by enlarging the pictures. As a backup, a new electronic pressure transducer system 
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was also used to measure the pressure. The accuracy of the pressure transducers were however 

not sufficient and all data was captured using the manometers. Figure 4-21 shows the pressure 

transducers and Figure 4-20 the manometers. The measurement accuracy of the manometers were 

0.2 mm methanol while inclined at 10°, which gives a pressure variation of 0.24 Pa. It was therefore 

possible to calculate the profile drag from these measurements to an accuracy of 1.74 percent. 

 

 

Figure 4-18: Wing test section in wind tunnel 

 

 

Figure 4-19: Wake rake used for drag measurements 

2mm 
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Figure 4-20: Manometers for pressure 
measurement 

 

Figure 4-21: Data acquisition system 

 

The position of the transition point was measured with the acoustic mapping procedure of 

Schumann (1972:1). With this method, a stethoscope is connected to a thin tube which is 

positioned on the surface of the test section in the boundary layer. The transition point could be 

accurately determined by listening to the sound emanating from the boundary layer. Laminar flow is 

characterized by a soft whistling noise, while turbulent flow generates a loud rumbling noise. 

 

For this investigation, a wing test section with the NWU00A-17, the base airfoil section, was 

constructed from composite materials using the same manufacturing methods as used for the JS1 

sailplane. The test section was manufactured from an accurate female mould which was cut with a 

CNC milling machine to ensure accuracy. The chord of the wing has a length of 300 mm. This was 

chosen to be small enough to minimize the blockage effects in the tunnel. 

 

4.3.2. Test specifications 
The purpose of the test was to investigate the effect of the 71 percent chord position suction on the 

profile drag of Airfoil No. 3. This was done by measuring the profile drag of the airfoil for various 

suction rates. The suction was supplied by a centrifugal pump and the total flow rate was measured 

with a rotameter.  
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The tests were conducted at the maximum speed of the wind tunnel which is 22 m/s. This was done 

in order to obtain the highest possible Reynolds number. Since the suction component is only 

required during the high-speed portions of the flight, only the 0° and - 3° flap settings were 

investigated. The maximum lift coefficient required during high-speed is 0.3 < Cl < 0.7. The test 

angle of attack was therefore chosen to be 1° and 3 °, which gives a Cl = 0.36 and Cl = 0.7.  

Table 4-2 summarizes the test conditions. 

 

Table 4-2: Test conditions 

V (m/s) 22 

Re 400 000 

Angle of attack (°) 1, 3 

Flap setting (°) -3, 0 

 

 
The suction system uses the same 0.8 mm diameter holes situated at the 71 percent chord position 

as was used for the double tabulator system. It is possible to calculate the optimum suction position 

and distribution based on the predicted transition and separation positions (Wahidi & Bridges, 

2010), but the investigation here was aimed at determining the effect of suction at the 71 percent 

chord position, where there are already turbulator holes. 

 
The turbulator holes were drilled 10 mm apart in a single spanwise row. The suction was supplied 

by a small electrical pump with a variable speed control so that the suction flow rate could be 

varied. Initial testing showed that a single row of suction holes did not provide sufficient suction. A 

distributed hole pattern was therefore drilled at the 71 percent chord position. For this pattern, a 

second row of holes was drilled 5 mm downstream of the first row with 10 mm spacing between 

holes. A third row was added 5 mm downstream of the second row with 5 mm between the holes as 

shown in Figure 4-22. The distributed pattern provided adequate suction. 

 

Data from the literature showed that there is a minimum suction rate that will stabilize the boundary 

layer to the extent that small disturbances in the flow will not trip it to turbulent flow. The minimum 

suction rate can be calculated from the suction coefficient CQ. Young (1989:135) has shown that the 

minimum value for stability is �� � 1.2 � 10��. The suction coefficient is defined in Equation (4-1). 

 

 
SU

Q

U

v
C w

Q
∞∞

==  (4-1) 

 
with  CQ - suction coefficient, 

vw - velocity through suction surface (m/s), 

  U∞ - the free stream velocity (m/s), 

Q - suction volume flow (m3/s), 

S - suction surface area (m).  
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Figure 4-22: Suction hole pattern at 71 percent cho rd 

 

For a test velocity of 22 m/s the minimum velocity through the surface was calculated with  

Equation (4-1) to be vw > 0.00264 m/s. In this test, 108 suction holes of 0.8 mm diameter were 

used. The minimum required combined volume flow through these holes is therefore 0.086 l/m. The 

lowest possible flow rate that could be measured with the test equipment was 0.5 l/m. The test was 

therefore planned with suction flow rates from 0.5 l/m to 15 l/m. 

 

4.3.3. Test results for suction system 
The drag on the airfoil section was measured for a constant angle of attack and flap setting while 

the suction rate was varied. A wake and solid blockage correction factor was applied to the data. 

The correction factor was calculated to be 0.91 based on the method of Thom ( in Ray & Pope, 

1984:354). The calculation of the correction factor is shown in Appendix A. 

 

Figure 4-23 shows the profile drag against the suction rate with α = 3°, δ = -3°. The flow rate is given 

in liters per hour per hole. The drag shows a significant decrease up to a flow rate of 1.3 l/h/hole, 

after which it starts to increase again.  

 

With this test setup, the flow on the lower surface without the suction activated is laminar up to  

93 percent chord trip position. The drag reduction is therefore not related to a reduction in skin 

friction drag due to increased laminar flow areas, but is due to a reduction in the boundary layer 

71 % suction holes 

93 % turbulator holes 

Mylar sheet over 

flap gap 

Hole pattern in test 

area 
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height which reduces the pressure drag (Green, 1997:1). Braslow (1951:16) concurs that suction in 

a laminar boundary layer will reduce the boundary layer height and decrease the drag. 

 

The minimum flow rate for stability was calculated in the previous section as 0.086 l/m. That implies 

a 0.05 l/h/hole, which is significantly lower than the optimum flow rate here of 1.2 l/h/hole. This can 

be ascribed to the fact that a relatively small number of suction holes were used and that the 

equation for minimum flow rates was derived for a porous surface. A higher flow through discrete 

holes is therefore required in order to decrease the boundary layer height sufficiently. 

 

 

Figure 4-23: Airfoil No. 3 profile drag against suc tion rate for α = 3°, δ = -3° at Re = 400000 

 

The increased drag at the higher suction rates, above 1.3 l/h/hole, can be attributed to two effects. 

The first effect was discovered through a CFD study which showed that increased suction resulted 

in small areas of reversed flow that develop downstream of the suction holes. The suction is strong 

enough to suck air against the flow direction towards the holes. This increases the momentum loss 

of the boundary layer and gives an increase in profile drag. The second effect shows up at even 

higher suction rates where a strong suction vortex originates at each suction hole which acts as a 

small turbulator and trips the laminar flow to turbulent (Boermans, 2006:22). 

 

Similar results were found for all the flap settings and angles of attack under investigation. Figure 

4-24 to Figure 4-26 shows the results for zero degree flap settings and the zero degree angle of 

attack.  
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Figure 4-24: Airfoil No. 3 profile drag against suc tion rate for α = 3°, δ = 0° at Re = 400000 

 

 

Figure 4-25: Airfoil No. 3 profile drag against suc tion rate for α = 1°, δ = -3° at Re = 400000 

 

 

Figure 4-26: Airfoil No. 3 profile drag against suc tion rate for α = 1°, δ = -0° at Re = 400000 
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The data for all four test cases are shown in Figure 4-27 as a percentage profile drag reduction. 

The minimum drag reduction is 4 percent at an angle of attack of 1° and a flap deflection of -3°, 

while the maximum drag reduction is 11 percent at a 3° angle of attack at 0° flap deflection. The 

maximum drag reduction occurred for all cases at a flow rate of between 0.9 l/h/hole to 1.5 l/h/hole. 

 

 

Figure 4-27: Airfoil No. 3 profile drag reduction a gainst suction rate, Re = 400 000 

 

It can be seen in Figure 4-27 that the best consistent suction performance is obtained at a flow rate 

of 1.2 l/h/hole. The manifold pressure in the suction line was measured to obtain the required 

suction pressure and is shown in Figure 4-28. The required manifold pressure for 1.2 l/h/hole is -40 

Pa. These values can be compared to the available suction developed by the cockpit extractor that 

will be discussed in Chapter 5. Figure 5-27 shows that the cockpit extractor was measured to 

induce -50 Pa at an airspeed of 100 km/h and -180 Pa at 200 km/h. A suction source with sufficient 

suction capacity is thus available to make this technique viable in practise.  

 

The drag measurement accuracy was stated to be 1.74 percent. The measured drag reduction as 

shown in Figure 4-27 is between 4 and 11 percent. It is therefore clear that the measured results 

can be masked by the rather low accuracy of the measurement equipment. When subtracting the 

measurement error, the drag reduction can be between 2 and 9 percent. It is therefore clear that 

there is a definite measurable drag reduction, but it will be desirable to measure it with more 

accurate test equipment so as to define the optimum suction rates more accurately. 

 

The wake drag measured in these experiments does not take the effect of the momentum of 

removed air into account. Boermans (2010) states that the profile drag is equal to the measured 

wake drag plus the suction drag as shown in the Equation (4-2).  
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 dswakedprofiled CCC += __  (4-2) 

 

with  Cd_profile - profile drag coefficient, 

  Cd_wake - measured drag coefficient from the wake momentum loss, 

  Cds - suction drag coefficient. 

 

 

Figure 4-28: Suction manifold pressure against flow  rate 

 

The suction drag can be calculated by means of the method of Carmichael (1954) and Bridges 

(2007). This method is based on the power required to raise the chamber static pressure below the 

blow holes to the free stream static pressure. The suction drag coefficient based on the required 

pressure increase is shown in Equation (4-3) (Wahidi & Bridges, 2010). 

 

 ��� � ∆�
�� �� (4-3) 

 

with,  ∆P - pressure increase from static chamber to static free stream (Pa), 

  q∞ - dynamic pressure (Pa), 

  CQ - the suction coefficient as defined in Equation (4-1). 

 

Using Equation (4-2) and (4-3), the effective profile drag can be calculated. For a typical test area 

with the distributed hole pattern, there are 21 holes over a 50 mm x 10 mm area. The volume flow 

rate through this area, for minimum drag, is therefore Q = 1.2 (21)/3600/1000 = 7 x 10-4 m3/s. The 

suction coefficient, calculated using Equation (4-1) is therefore CQ = 7 x 10-6 / (22 x 0.05 x 0.01) = 

6.36 x 10-4. 
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The pressure difference can be read from Figure 4-28 as 35 Pa. The suction drag coefficient is 

therefore ��� = 35/213(6.36 x 10-4) = 1.0 x 10-4. For the case shown in Figure 4-23 the measured 

wake drag coefficient at a suction rate of 1.2l/h/hole was found to be Cd_wake = 0.0105 and  

Cd_profile = 0.0105 + 1.0 x 10-4 = 0.0106. This drag increase is one order of magnitude smaller than 

the drag reduction due to suction, and will therefore be ignored. 

 

A significant finding is that sufficient suction can be provided with a narrow suction area consisting 

of three rows of holes. Most literature indicates that either a perforated surface or suction slot is 

required in order to stabilize the boundary layer sufficiently (Schlichting, 1979:383; Van Rijn, 

1997:1013). Wahidi and Bridges (2010) demonstrated that adequate suction could be provided with 

a suction area of 0.093c. The width of the suction area here was 0.033c. 

 

4.3.4. Extrapolation of results 
The measurement drag results for the suction system were obtained at a Re = 400 000. Since it 

was not possible to test at higher Re, this data must be extrapolated to the higher Re required for 

the performance calculations presented in Chapter 7.  

 

Braslow (1951:15, 16) has measured the drag reduction on the 64A010 airfoil for Reynolds 

numbers from Re = 3 x 106 to Re = 19.8 x 106. He showed that the drag reduction decreases as Re 

increases. This was, however, found to be due to the fact that the higher Re was attained by higher 

test velocities which overpowered the suction system and air flowed out through the suction area. 

This resulted in the expected laminar flow transitioning to turbulent flow. Braslow (1951:16) 

concluded that the drag reduction effect is essentially independent of Re if sufficient suction can be 

provided so that outflow through the surface can be prevented. Boermans (2010) concurs and 

demonstrates that the percentage drag reduction remains constant between Re = 1 x 106 and  

Re = 2 x 106. 

 

It can therefore be assumed that the measured drag reduction results of this section will be valid for 

the practical Re range of the JS1, which is 4 x 105 < Re < 3.2 x 106. The effect of increased suction 

requirements at higher Re values as measured by Braslow (1951:16) will not apply to this data 

because the suction is applied on the bottom of the wing in a positive pressure area. Higher 

airspeed and Re will therefore not result in a decrease in pressure, but rather in an increase in 

pressure. 

 

4.3.5. Practical implementation 
The practical implementation of the boundary layer control system here seems to be difficult due to 

the requirement of providing alternating  blowing  and suction to the wing. There are several 

problems that needs to be solved before such a system can be practically used on a glider. The first 

problem is that of providing a blowing and suction sources when there is no power available on a 
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glider to drive these systems. The second problem is that of effectively switching the between 

suction and blowing during different flight conditions. These problems can be solved as follows: 

  

The air for the blowing system can simply be bled off from the free stream airflow. This can be done 

in two different ways. The first is a simple Pitot tube in the free stream that provides ram air to the 

blowing ducts, while the second is the use of a NACA inlet. Both these system have been used 

successfully on gliders to provide air for the conventional blow holes. 

 

As previously mentioned, the provision of an un-powered suction source on a glider is difficult. This 

was however solved with the development of the cockpit extractor for boundary layer control that 

will be discussed in the Chapter 5. This system uses the low pressure on the fuselage due to the 

wing upper surface to provide the required suction. It was also pointed out that the suction 

performance of the extractor is sufficient to power the wing suction system. 

 

The last problem is that of switching the supply to the holes between blowing and suction.  Because 

the blowing and suction depends on the flap position, the flap driver pushrods in the fuselage can 

be used to control a simple pneumatic valve that controls weather blowing or suction is applied. 

Figure 4-29 shows the proposed valve for this system.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-29: Boundary layer control valve 

 

An internal valve body can close of the suction source or the ram air source and connect the wing 

holes with the desired source. The valve body is connected to a control bellcrank and over centre 

spring. The actuating bellcrank is connected to the flap lever in the cockpit through a slider. This 

allows the valve to change over at a specific point and not to vary with small flap deflections as the 
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over centre spring will keep the valve close for a range of flap settings. Figure 4-30 shows the valve 

with the sliding control driver. 

 

 

 

 

 

 

 

 

 

 

Figure 4-30: Boundary layer control valve with slid ing control driver 

The practical implementation of the boundary control system is therefore feasible and will be 

installed on the JS1 as soon as more accurate wind tunnel results have clarified the exact operating 

conditions. 

 

4.4. Conclusion 

In this section, a new boundary control method was proposed that consists of two rows of holes on 

the lower surface of an airfoil. For the JS1 airfoils, these holes are situated at the 71 percent and  

93 percent chord positions. The 93 percent blow hole is always active in the blow mode, while the 

71 percent holes are active in the blowing mode at large positive flap deflections. At negative flap 

deflections, the 71 percent rows are used in the suction mode. 

 

The boundary layer control technique was investigated through calculation methods as well as wind 

tunnel testing. The main findings of this chapter are: 

 

• A double turbulator with turbulation at the 71 percent chord position on the lower surface of 

the wing can reduce the profile drag with up to 26 percent during low-speed flight with 

positive flap deflections. 

• The turbulator at the 71 percent chord position is sensitive to Re and should not be used 

when the lowest operational Re number is below 500 000. 

• The 71 percent turbulation must only be active during positive flap deflection larger than 10 

degrees. It was shown that the boundary layer remains laminar up to 93 percent during the 

+5° flap deflection. 

• A large drag penalty of up to 12.5 percent will result when the 71 percent turbulation is 

active during high-speed flight when the flap is in the zero and negative deflections. 

Sliding control driver 
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• Suction at the 71 percent chord position during 0° and – 3° flap settings can reduce the 

profile drag with up to 14 percent. 

• The optimum suction rate is 1.2 l/hour/hole. 

• The suction holes at the 71 percent position are an arrangement of 3 rows of holes. These 

holes are evenly spaced at 10 mm for the first two rows and spaced at 5 mm for the third 

row. 

 

A patent was filed for the boundary layer control system described in this chapter. The patent (No. 

06832042.3) was awarded in 2008 and was applied for in USA, Russia, Germany, France. The 

patent was also awarded in these countries during 2009. 
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5. Cockpit extractor for boundary layer control 

5.1. Literature review 

5.1.1. Background 
The cockpit section of all gliders is designed to house the pilot in the most streamlined fashion 

possible (Althaus, 1972:160). The aim of any cockpit design is to reduce the frontal area of the 

fuselage while giving the pilot a comfortable seat with a large canopy to allow good visibility 

(Ostrowski et al., 1978:1). The large canopy allows very efficient solar heating of the cockpit, 

especially on cloudless days. This forces the designer to provide sufficient ventilation to cool the 

pilot down. 

 

A number of problems are, however, associated with ventilation. Firstly, the ventilation air adds to 

the total drag of the glider due to the flow resistance through the internal ducts that channel the air 

from the air inlet at the glider nose to the outlet areas in the cockpit. The internal drag can be 

reduced by providing ducting with a large enough diameter so that the internal flow velocity will be 

low (Shreur, 2004:2).  

 

The second problem is that all the ventilation air that enters the cockpit of a glider must be properly 

expelled from the aircraft to prevent any adverse effects on the performance. If the expelled air 

separates from the aircraft skin, a drag penalty will result (Schuman, 1972:1). Separation problems 

can be reduced by allowing the air to exit at the very rear end of the fuselage, as is present practice 

with most gliders. The air outlet at the rear of the glider creates a long internal distance through 

which the air has to travel, and this increases the flow resistance. Most pilots complain that present 

systems do not provide sufficient ventilation in hot conditions (Sinclair, 2003). 

 

The third problem follows from the second. If the flow resistance of the air outlet and ducting is too 

large, a positive pressure will build up in the glider fuselage. This, in turn, forces air to leak from any 

position where the fuselage is not properly sealed (Bickle, 1971:1). The leaking air usually causes 

the flow on the outside of the glider to separate, or to trip the laminar flow regions to turbulent flow, 

with the associated drag penalty and loss of performance (Schuman, 1972:1). 

  

Problem areas where leaking air is common are the fuselage canopy seal and the wing fuselage 

junction. If the wing fuselage junction is airtight, the leaking air can find its way down the wing and 

out the airbrake box or flapperon drivers. The wing for the JS1 is sealed with rubber seals around 

the control system tubes so that the leaking air cannot get into the wing itself. The wing-fuselage 

junctions on all gliders are normally sealed with insulation tape. Often pilots notice, at the end of the 

flight, that the edge of the sealing tape is loose. This is probably due to the fuselage positive 

pressure that blows it loose (Jonker, 2010). 
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Althaus (1972:162) has investigated the flow properties around several proposed glider fuselage 

shapes. Dodbele and Van Damm (1986) showed that the Althaus number two glider fuselage shape 

has laminar flow up to the 36 percent position. This shape is representative of most modern glider 

fuselages and demonstrates that laminar flow is therefore possible over the complete nose end of 

the fuselage up to the fuselage wing junction. Boermans (1983:20) concurred and showed that the 

flow on the fuselage shape used on the ASW 20 glider is able to remain laminar up to the maximum 

thickness position.  

 

The seal between the fuselage and the canopy can never be made entirely airtight because of 

manufacturing tolerances. There will always be some air leaking through this edge if the fuselage is 

under positive pressure. If the canopy fuselage front junction is leaking, the laminar airflow at this 

point will be tripped to turbulent flow and might even separate in severe cases. The total surface 

area of a canopy is approximately one square meter. Figure 5-1 shows the performance decrease 

when the flow over the canopy is turbulent instead of laminar. This data was calculated from flat 

plate skin friction factors (Schlichting, 1979:141) and adapted to the geometry and performance of 

the JS1 glider. 

 

 

Figure 5-1:  Performance decrease when the flow ove r the canopy is turbulent instead of 

laminar 

 

The largest decrease is at high-speed with a 3.5 percent performance reduction. At low-speed the 

performance loss is approximately 1.9 percent. This is a performance loss of 1 glide ratio point at 

high- speed and 1.4 glide ratio points at low-speed. 
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Boermans (1983:22) demonstrated that even if the canopy seal is airtight and the front edge of the 

canopy protrudes only 0.1 mm, the flow will be tripped to the turbulent regime. He measured an 

increase in drag of 8 percent when the flow over the canopy is turbulent instead of laminar. 

This shows that it is necessary to keep the flow over the canopy laminar for as long as possible. 

One way to achieve this is to prevent the build-up of a positive pressure inside the cockpit by 

providing the ventilation air with a low-resistance path to an air outlet.  

 

5.1.2. Need for the study 
The performance of modern gliders has evolved to the point where it is very difficult to make further 

significant improvements. It is therefore necessary to investigate areas that have previously been 

overlooked or deemed unimportant. The front part of the fuselage is one area that has been 

neglected in the past, since most research work on gliders has focused on the wing. Fuselage-

related work mostly focussed on the wing-fuselage junction and wing fillets (Boermans & Terleth, 

1983; Maughmer et al., 1989; Boermans, 2006). 

 

It was pointed out in the previous section that a poorly designed ventilation system with a leaking 

canopy seal will trip the laminar flow over the front fuselage to turbulent flow and reduce the 

performance by up to 4.8 percent. This is a significant loss that should be avoided, if at all possible. 

The drag of the ventilation air through the internal ducts is also an area that has been neglected by 

designers in the past, and careful design of the internal flow paths might well yield further drag 

reductions (Bosman, 2010). 

 

The purpose of this section is to present the development of a design for a cockpit ventilation air 

extractor that will reduce the total ventilation drag by releasing the ventilation air into the free stream 

without separation of the fuselage external boundary layer. The extractor should satisfy the 

following requirements: 

 

1. The extractor must allow sufficient ventilation air to flow through the cockpit.  

2. The extractor must be able to prevent a positive pressure build-up in the cockpit to prevent 

air leakage.  

3. The extractor must be able to create sufficient suction to supply the boundary layer control 

system on the wings. The development of this system was discussed in Chapter 3. 

 

The next section provides the details of the development of a cockpit air extractor that satisfies the 

design goals set out above. 
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5.2. Cockpit ventilation systems

5.2.1. Fuselage boundary layer characteristics
The shape of the JS1 fuselage was designed to maintain laminar flow over the largest possible 

area. This was achieved by deriving the front fuselage shape from that of a laminar airfoil. The two

dimensional airfoil shape was translated into a three

Galvao (1968). Figure 5-2 shows the pressure distribution over the front part of the fuselage.

pressure decreases to the thickest part of the fuselage and laminar flow is therefore possible to a 

point close to the wing fuselage junction (Goldschiemd, 1987:3

 

Figure 5-2:  Pressure distribution on fuselage top and bottom su rface

panel code KK

 

A computational fluid dynamics (CFD) analysis was performed on the JS1 fuselage to optimize the 

placement of an extractor. Results 

turbulence intensity on the fuselage surface as calculated with the CFD model. 

show the low levels of turbulence intensity associated with laminar flow. 

 

The CFD results of Figure 

laminar flow is achievable over the complete front fuselage up to the wing

properly designed ventilation system will therefore enable this area to 

the performance loss associated with turbulent flow when air is leaking through the canopy edges.
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Cockpit ventilation systems  

Fuselage boundary layer characteristics  
elage was designed to maintain laminar flow over the largest possible 

area. This was achieved by deriving the front fuselage shape from that of a laminar airfoil. The two

dimensional airfoil shape was translated into a three-dimensional shape by applying t

shows the pressure distribution over the front part of the fuselage.

pressure decreases to the thickest part of the fuselage and laminar flow is therefore possible to a 

int close to the wing fuselage junction (Goldschiemd, 1987:3-4).  

Pressure distribution on fuselage top and bottom su rface

panel code KK -Aero (Kubrinski, 1997:85) 

utational fluid dynamics (CFD) analysis was performed on the JS1 fuselage to optimize the 

Results from this analysis are shown in Figure 5-3

the fuselage surface as calculated with the CFD model. 

show the low levels of turbulence intensity associated with laminar flow.  

Figure 5-3 agree well with the surface pressure data of 

over the complete front fuselage up to the wing

properly designed ventilation system will therefore enable this area to remain

the performance loss associated with turbulent flow when air is leaking through the canopy edges.
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pressure decreases to the thickest part of the fuselage and laminar flow is therefore possible to a 
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Figure 5-3: Turbulence intensity on the fuselage su rface at V = 40 m/s 

 

5.2.2. Required ventilation rate 
The function of the ventilation system is to provide sufficient cooling air to keep the pilot cool during 

the flight. The problem is that the large canopy creates a very efficient solar heating panel and will 

cause cockpit temperatures to rise very quickly if no ventilation is provided. Acceptable 

temperatures for the design of air-conditioning systems are between 20°C and 26°C at a relative 

humidity between 20 and 85 percent (Stoecker & Jones, 1982:61). A glider’s ventilation system 

should therefore be designed to keep cockpit temperatures within these limits. 

 

The heat load on a glider cockpit can be estimated from the solar insolation and the heat produced 

by the pilot. The canopy of the glider is manufactured from 3 mm Perspex. The extra-terrestrial 

irradiance is 1367 W/m2, of which 75 percent will reach the surface of the earth (University of 

Oregon, 2002). The integrated transmission of Perspex is 75 percent (Perspex South Africa, 

2011:22). The resultant irradiance through a Perspex canopy will therefore be 1367 x 0.75 x 0.78 = 

800 W/m2 on a clear, cloudless day.  

 

The total surface area of the JS1 canopy is 1.2 m2. The horizontally projected area for the canopy is 

0.82 m2. The most severe irradiation will take place when the sun is vertically above the glider with 

the glider in level flight. The insolation area can therefore be taken as the vertically projected area, 

which is 0.82 m2. The solar heat load on the cockpit is therefore Qs = 800 x 0.82 = 656 W. The heat 

produced by a person doing office work is typically 150 W (Stoecker & Jones, 1982:73). It can be 
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assumed that a glider pilot will produce the same heat. The total heat load in the cockpit of a glider 

is therefore Q = 656 + 150 = 806 W. 

 

The effect of the ventilation rate on the internal temperature of the cockpit can be calculated by 

assuming that the total heat produced is equal to the heat removed by the ventilation air. Schreur 

(2004:1) showed that the ventilation rate for an enclosed cockpit with outside air ventilation is given 

by the following equation: 

 

 

))](.)(.(..).([ osoisoip TerhTerhpLTTC

Q
S

i
−+−

=
ερ

 (5-1) 

 

with,  S - ventilation rate (l/s), 

Q - total heat load on cockpit (W), 

  ρ - air density (kg/m3), 

  Cp - heat capacity of air = 1004 J/kgK, 

  Ti - cockpit internal temperature (°C), 

  To - outside air temperature (°C),  

  L - latent heat of evaporation of water = 2.42 MJ/kg, 

  rhi - relative humidity inside cockpit, 

  rho - relative humidity of the outside air, 

  es - saturation vapour pressure for water (Pa), 

  ε - 0.622, a constant value. 

 

Equation (5-1) was used to calculate the cockpit internal temperature as a function of the outside air 

temperature and the ventilation rate. The outside air temperature and humidity were estimated from 

weather conditions suitable for gliding operations, as follows: 

 

Glider flight normally takes place during the summer months. Most cross-country and competition 

flights start at 10:00 and flying continues until 18:00. The air temperature is the highest closest to 

the surface of the earth and may reach a value of 40°C with relative humidity between 20 percent 

and 80 percent during summer months. Flight operations usually take place between ground level 

and 3000 m above ground level. The outside air temperature during flight is therefore typically 

between 0°C and 30°C (FAA, 2003:9-16). 

 

Figure 5-4 shows the calculated cockpit temperature as a function of the ventilation rate and the 

outside air temperature. The calculation was performed for outside temperatures of between 10°C 

and 30°C. The cockpit temperature can be kept below  26°C with ventilation rates between 13 l/s 

and 50 l/s and an outside air temperature of below 25°C. An outside air temperature of 30°C is 

considered extreme and the cockpit cannot be cooled below 26°C in such conditions. This is of little 
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consequence, however, as glider pilots aim to operate at altitudes above 1 000 m where the 

temperature will be approximately 10°C lower than o n the surface (Fıvényi, 2010:103). 

 

 

Figure 5-4: Cockpit temperature as a function of ve ntilation rate and outside temperature 

 

It therefore follows that the ventilation systems and specifically the extractor must be designed to 

provide ventilation air at a maximum rate of 50 l/s. 

 

5.2.3. Ventilation drag 
The drag as a result of the ventilation system is due to the loss of momentum of the ventilation air. 

Schreur (2004:2) shows that the drag is given by the ventilation mass flow rate multiplied by the 

decrease in flow velocity. If the inlet and outlet velocities are the same, the ventilation drag is zero. 

This is not possible because of the resistance of the internal flow ducting in the cockpit of a glider; 

ventilation drag will therefore always be present. 

 

The ventilation air exit position can, however, reduce the momentum loss significantly. Presently, all 

production gliders have the ventilation air outlet at the rear of the fuselage on the rudder hinge line 

(Alexander Schleicher Flugzeugbau, 2011; DG Sailplanes, 2011; Schemp Hirth Flugzeugbau, 

2011). Figure 5-5 shows the original air outlet of the JS1 glider at the rear end of the fuselage. 

 

Two attempts have been made to design air outlets that are situated on different positions on the 

fuselage. The first attempt was by Dick Butler on his Eta Biter glider in 2005 (Nadler, 2008). This 

outlet is situated behind the pilot on top of the fuselage and uses the low-pressure region on the 

fuselage to extract the cockpit air, as shown in Figure 5-6. The low-pressure area on the fuselage is 

created by the low-pressure areas on the wing top surface. Butler reported that the outlet seems to 
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function correctly, but that it is noisy (Butler, 2010). There is, however, no test or analytical data 

available to support his findings. 

 

 

Figure 5-5: Rear ventilation exit on JS1 

 

 

 

Figure 5-6: Butler extractor on the Eta Biter glide r 

Another outlet was developed by Mandl (2008) of DG glider factory. Mandl highlighted the need to 

reduce the pressure in the cockpit and designed an extractor that is situated on the bottom of the 

fuselage, below the wings, as is shown in Figure 5-7. According to the DG website, the extractor is 

Canopy rear edge 

Canopy front, canopy open in this picture 

Extractor opening toward rear of fuselage 

Fuselage top surface behind canopy 

Vertical fin 

Fuselage 

Ventilation exit fairing 

Rudder 
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very successful and reduces the cockpit pressure and increases the glide performance of the LS10 

glider to which it is fitted (Mandl, 2008).  

 

 

Figure 5-7: Mandl air extractor on the LS10 glider 

After some preliminary investigations, it was felt that the Butler extractor shows a great deal of 

promise. Its position in the fuselage low-pressure area seems logical for the purpose of extracting 

air from the cockpit in that the low-pressure zone on the fuselage provides the suctions force. 

However, the position of the Mandl extractor in the high-pressure region of the fuselage, in line with 

the wings, seems questionable. The shape of the extractor does not seem to be beneficial for 

maintaining an attached flow behind the extractor.  

 

The best position for the air extractor can be determined by calculating the internal ventilation drag 

for possible extractor positions. The inlet and outlet velocities can be calculated with the modified 

Bernoulli Equation (5-2) that takes the head loss through the ducting system into account (Shames, 

1992:353). The ventilation drag is given by Equation (5-2) (Drela, 1994:23).  
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with  Vin - inlet velocity (m/s), 

  Pin - inlet pressure (Pa), 

  yin - relative height of inlet (m), 

Vout - outlet velocity (m/s), 

  Pout - outlet pressure (Pa), 

  yout - relative height of outlet (m), 

  hlT - total head loss (m2/s2). 
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 mVVD outfvent )( −=  (5-3) 

 

with  Dvent - ventilation drag (N), 

  Vf - free stream velocity (m/s), 

  m - ventilation mass flow rate (kg/s). 

 

The ventilation drag of the normal rear ventilation outlet was compared with that of a ventilation 

outlet just behind the cockpit. This can be done by using Equation (5-2) to calculate the outlet 

velocity and Equation (5-3) to calculate the drag. The first step was to estimate the total head loss 

for the ventilation flow path through the fuselage for both systems. 

 

The total head loss through the fuselage was estimated using the Moody chart for the major head 

loss items. The minor head loss items such as inlet and outlet losses were obtained from the 

relevant minor head loss tables (Shames, 1992:365). The dimension of the flow ducts were taken 

from the JS1 CAD model. The outlet area of the new extractor was determined from the 

requirement of keeping the internal pressure negative; this will be discussed in Section 5.2.5. 

 

Figure 5-8 shows the flow path through the fuselage together with the head loss items. Table 5-1 

and Table 5-2 show the calculation for each of the head loss items in the flow path for a specific 

flow velocity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-8: Ventilation air flow path 
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Table 5-1: Head loss calculations for ventilation s ystem in front fuselage 

Position No. 1 2 3 4 4 5 

Position name: Nose air inlet Inlet tube Inlet to side ducts Side duct 1 Side duct 2 Side duct outlet 

V (m/s) 19.20 2.46 15.43 15.43 9.09 18.01 

A (mm2) 1326.00 10350 550.00 550.00 1400.00 706.86 

D (mm) 41.09 114.80 26.46 26.46 42.22 30.00 

n routes 
1.00 1 3.00 3.00 2.00 2.00 

Re 
53954 19312 27925 27925 26254 36949 

e (mm)   0.00   0.20 0.20 0.00 

e/D   1.30 x 10-5   7.558 x10-3 4.737 x10-3 5.00 x 10-5 

f    0.0200   0.0400 0.0400   

L (mm) 
  50.00   239.00 1224.00   

K 0.15 0.01 0.50 0.36 1.16 1.00 

Hl (m2/s2) 27.65 0.03 59.52 86.01 47.94 162.16 

 

Table 5-2: Head loss calculations for ventilation s ystem aft fuselage 

Position No. 6 7 8 9 10 11 

Position name: Cockpit volume Cockpit extractor B6/7 Fuse rear B9- B11 Rear outlet 

V (m/s) 0.09 9.55 5.15 0.52 11.99 7.27 

A (mm2) 
282743.10 2664.60 706.86 49087.34 2123.71 3500.00 

D (mm) 
600.00 58.25 30.00 250.00 52.00 66.76 

n routes 1.00 1.00 7.00 1.00 1.00 1.00 

Re 3695 38061 10557 8868 42633 33209 

e (mm) 0.20 0.20 0.20 0.20 0.20 0.20 

e/D 3.333 x 10-4 3.434 x10-3 6.667 x10 -3 8.00 x 10-4 3.846 x 10-3 2.996 x 10-3 

f  
0.0410     0.05     

L (mm) 700.00     4600.00     

K 0.05 0.50 0.62 0.88 0.5 0.50 

Hl (m2/s2) 
0.00 22.82 57.45 0.12 35.93 0.00 

 

The total head loss was calculated by adding all the head loss items in the flow path. Two possible 

outlet positions were considered, namely the outlet on top of the fuselage (behind the cockpit) and 

the normal tail outlet. The total head loss was calculated to be 406.12 m2/s2 for the cockpit outlet 

and 584.58 m2/s2 for the tail outlet at an inflow velocity of 40 m/s. 

 

The calculated head losses were calibrated with the outflow velocity from the CFD analysis results 

of Section 5.2.6. A calibration factor of 0.48 was applied to the velocity used in the head loss 

calculations. Table 5-3 shows a sample calculation for the outlet velocity and resultant drag for both 

systems. 
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Table 5-3: Ventilation drag calculation 

  Outlet at cockpit Tail outlet 

Vin (m/s) 40.00 40.00 

Vout (m/s) 34.6 30.8 

Volume flow rate (l/s) 25.2 22.4 

Pout (Pa) -250.0 -200.0 

Outlet height (m) 0.35 0.00 

Head loss (m2/s2) 398.6 486.7 

Drag (N) 0.35 0.60 

 

For the specific case with an inlet velocity of 40 m/s, the outlet velocity is 34.58 m/s for the outlet at 

the cockpit and 30.77 m/s for the tail outlet. The resultant drag is 0.35 N and 0.6 N respectively. 

Figure 5-9 shows the ventilation drag difference for the complete speed range of the JS1 glider. The 

ventilation drag for the outlet behind the canopy is 50 percent lower at 110 km/h and 28 percent 

lower at 290 km/h than the drag for the outlet at the tail. The preferred position for the ventilation 

outlet from an internal drag point of view is therefore behind the cockpit on the top of the fuselage.  

 

 

Figure 5-9: Ventilation drag against airspeed for t wo ventilation outlet positions 

 

5.2.4. Theoretical ventilation rate 
The calculated ventilation rates are shown in Figure 5-10 for both outlet systems. The outlet behind 

the canopy allows for a 12 percent higher flow rate than was possible with the rear outlet. The 

ventilation rate varies between 20 l/s at 110 km/h to 48 l/s at 290 km/h. This is lower than the 

requirements of Figure 5-4. It was found that higher flow rates could only be achieved by making 

the inlet area at the nose of the glider larger. As the fuselage moulds for the JS1 have already been 

completed, this was not possible. These flow rates are, however, adequate for outside 

temperatures below 20° C. 
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Figure 5-10: Ventilation flow rate against airspeed  

 

5.2.5. Outlet geometry 
According to Design Requirement Two of Section 5.1.2, the purpose of the ventilation outlet is not 

only to provide an outlet position for the cockpit ventilation air, but also to create a low-pressure 

area in the cockpit to prevent air leaking through the canopy edge. The outlet will be able to operate 

as an air extraction device when it is positioned in a low-pressure area and will be called the cockpit 

air extractor. The extractor will have the best performance when it is positioned in the area of lowest 

pressure on the fuselage. 

 

Figure 5-11 shows the pressure distribution areas on the fuselage of the JS1. The lowest pressure 

on the fuselage is in line with the wing on top of the fuselage and is due to the low-pressure on the 

wing top surface. It is also clear that the position on the fuselage bottom below the wing is a high- 

pressure area which would be counterproductive to air extraction. This point serves to prove that 

the Mandle extractor position will not provide efficient suction. The final position for the extractor on 

the JS1 is shown in Figure 5-12. 

 

The specific shape of the extractor will influence the flow field on the fuselage outer surface. The 

outlet velocity should be as close to the inlet velocity as possible in order to reduce the internal 

drag. Hefner and Bushnell (1989:457) have shown that the outflow velocity of an injector slot should 

be equal or slightly lower than the external flow to prevent flow separation. The outflow velocity can 

be increased by reducing the throat area of the extractor. This will, however, result in an increase in 

the cockpit pressure – which should be avoided. 
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Figure 5-11: Pressure profile on fuselage surface a t V = 40 m/s 

 

 

Figure 5-12: Extractor position on JS1 fuselage 

 

It was decided to increase the throat area to the point where the cockpit pressure just becomes 

negative through the practical speed range from 100 km/h to 200 km/h. This resulted in a throat 

area of 2 664.6 mm2. This relatively large outflow area implied that the average outflow velocity was 

calculated to be 34.6 m/s for an inflow velocity of 40 m/s at the nose of the glider. There is thus a 

significant risk of downstream separation due to the difference in the flow velocity on the fuselage 

surface and the extractor outlet velocity. 
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The separation problem was addressed by shaping the rear surface of the extractor to be tangential 

to the fuselage surface. The extractor head loss was also minimized by using a trumpet-like shape 

with a large inlet area that decreases to a throat area of 2664.6mm2. Figure 5-13 shows the cross-

sectional area of the extractor.  

 

Gad-El-Hak (2000:109) has shown that the transition and separation can be delayed by increasing 

the critical Re. This can be achieved by altering the shape of the velocity profile in the boundary 

layer, and specifically by increasing the flow velocity near the surface (Gad-El-Hak, 2000:106, 109). 

This was done for the flow downstream of the extractor by adding a flow conditioning internal wing.  

 

The purpose of this wing is to accelerate the flow in the boundary layer on the rear wall of the 

extractor in order to reduce the difference between the extractor flow velocity and the external flow 

velocity, and also to fill the velocity profile closest to the surface. An additional benefit of the wing is 

that it generates a downward velocity component which reduces the height of the boundary layer 

behind the extractor. A thinner boundary layer results in lower pressure drag when the flow is 

attached (Young, 1989:20). 

 

 

 

 

 

 

 

 

 

 

Figure 5-13: Cross sectional view of the Extractor 

5.2.6. Extractor flow analysis 
The flow through the extractor was modelled with CFD using the ANSYS code Fluent. It was found 

that the extractor indeed has a downstream separation problem when the internal wing is not 

present. The CFD analysis shows that there is a small area of reversed flow just downstream of the 

extractor. This separation area results in an increase in boundary layer height and an increase in 

drag. The drag increase was not calculated.  

 

Figure 5-14 shows the velocity vectors for the flow at the extractor without the internal wing. There 

is a small area of reversed flow which indicates separated flow. This was completely rectified with 

the internal wing which is shown in Figure 5-15. The separation was prevented because of the 

higher velocity close to the surface, which filled the velocity profile downstream of the extractor as 

shown in Figure 5-14 and Figure 5-15.  
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Figure 5-14: Velocity vectors for extractor without  wing showing separation, V = 40 m/s 

 

 

Figure 5-15: Velocity vectors for extractor with in ternal wing showing no separation,  

V = 40 m/s 

 

Figure 5-16 shows the velocity profile close to the surface downstream of the extractor without the 

internal wing. Figure 5-17 shows the velocity profile at the same position with the internal wing 

present. Superimposed on Figure 5-17 is the velocity profile without the wing. The velocity at a 
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height of 0.5 mm above the surface has increased by 29% and it is clear that the bottom of the 

velocity profile has been filled in.  

 

 

Figure 5-16: Velocity profile on fuselage behind ex tractor without internal wing 

 

 

Figure 5-17: Velocity profile on fuselage behind ex tractor with internal wing 

 

Figure 5-16 and Figure 5-17 also show that the internal wing has increased the average outflow 

velocity from 27 m/s to 35 m/s. This can be seen from the yellow- green colour in Figure 5-16 

versus the orange colour of the arrows in Figure 5-17. The increase in velocity is a result of the 

wing accelerating the flow onto the rear extractor surface and therefore controlling the height of the 

exiting air jet. The expansion of the flow into the low-pressure area is reduced and therefore the 
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flow velocity is increased. The increase in outlet velocity results in a reduction of ventilation drag. 

The total ventilation drag, calculated with Equation (5-3), decreases from 0.85 N to 0.31N. This 

represents a ventilation drag decrease of 61 percent. 

 

Figure 5-18 shows the second derivative of the velocity profile behind the extractor. Without the 

internal wing 
��/
�� � 0 close to the surface, which is typical of steady separated flow as was 

shown in Figure 3-2. Figure 5-18 also shows that with the internal wing present, 
��/
�� � 0 close 

to the surface. This shows that the internal wing is able to stabilize the boundary layer and prevent 

separation.  

 

 

Figure 5-18:  The second derivative of the velocity  profile on fuselage behind extractor with 

and without the internal wing. 

 

The next step was to examine the external flow on the fuselage behind the extractor. Again, both 

the cases were considered: without the internal wing and with the internal wing. Figure 5-19 and 

Figure 5-20 show the turbulence kinetic energy on the fuselage for both cases. 

 

The turbulent kinetic energy can be used as an indication of the turbulent boundary layer thickness 

and the resultant drag. It follows that there are higher kinetic energy levels in the boundary layer 

behind the extractor without the wing than in the instance of the extractor with the wing. The CFD 

results in Figure 5-19 and Figure 5-20 show that the wing was able to reduce the boundary layer 

thickness at a position 0.4 m downstream of the extractor by 32 percent. 
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Figure 5-19:  Turbulence kinetic energy for flow be hind extractor without internal wing, 
V = 40 m/s 

 

 

Figure 5-20:  Turbulence kinetic for flow behind ex tractor with internal wing, V = 40 m/s 

 

The function of the internal wing can therefore be summarized as follows: the internal wing 

accelerates the flow onto the rear wall of the extractor. This fills up the velocity profile close to the 

surface of the wing which prevents flow separation. The absence of the separation area allows for 

the boundary layer downstream of the extractor to be thinner. The wing also increases the average 

exit velocity by controlling the expansion of the flow jet. Together, these result in a 61 percent 

reduction in ventilation drag compared to an extractor without the wing. 
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5.2.7. Extractor flow visualization 
Figure 5-21 shows the turbulence intensity on the surface of the fuselage for the case with the 

internal wing. The dark blue areas in the figure represent areas of laminar flow. The flow on the 

surface of the fuselage surrounding the extractor outlet is turbulent. The flow through the extractor 

is laminar and it transitions to turbulent flow at the exit to the external flow area. The light blue area 

behind the extractor represents a turbulent flow area, but with lower turbulence levels than the 

surrounding areas. This is due to the laminar flow injected by the extractor which reduces the 

turbulence levels behind the extractor.  

 

 

Figure 5-21: Turbulence intensity on the fuselage s urface, V = 40 m/s 

 

The flow through the extractor was also investigated during flight testing. An oil flow test as well as 

a test with dyed water was performed in order to visualize the flow in through the extractor.  

Figure 5-22 shows the flow visualization result with the green-coloured dye. This pattern was 

obtained during flight when dyed water was injected through the extractor while flying at 40 m/s. 

The water evaporated and left behind the flow pattern. 

 

The green area behind the extractor outlet represents a separation bubble. This separation bubble 

is in the same position as predicted by the CFD results shown in Figure 5-14. An examination of the 

tested extractor showed that the internal wing had been broken and repaired. The repair was, 

however, not properly executed and the wing position and angles were different from the original 

designed geometry. This might have caused the separation bubble.  
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Figure 5-22: Flow visualization at extractor outlet  with flow separation 

 

The wing was replaced with a new one and the test was performed again. Figure 5-23 shows the 

flow visualization for the extractor with the new wing. A darker blue dye was used for this test and 

was applied on the outside fuselage around the extractor. It can be seen from Figure 5-23 that there 

is no separation bubble present downstream of the extractor.  

 

 

Figure 5-23: Flow visualization at extractor outlet , no flow separation 
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5.3. Extractor experimental performance results 

In this section, the theoretical performance of the extractor will be validated with measured results. 

The reduction in drag of the extractor could not be measured due to the very small effect on the 

overall performance of the glider. The performance based on the stated design goals of the 

extractor was, however, measured. The following sections will provide an account of the ventilation 

performance, cockpit pressure reduction and the effect of front fuselage boundary layer control. 

 

5.3.1. Ventilation flow rates 
The ventilation flow rate was measured using a Pitot-static tube in the cockpit side ventilator. This 

measured the speed of the airflow into the cockpit from which the ventilation flow rate was 

calculated.  A single Pitot tube was used to measure the speed of the airflow into the cockpit. The 

Pitot tube was mounted on the middle line and close to the exit of the ventilator ball, as shown in  

Figure 5-24. This position was assumed to provide an acceptable accurate value of the actual 

velocity profile. 

 

The dynamic pressure from the Pitot tube was measured using a calibrated airspeed indicator. The 

static port of the airspeed indicator was connected to the fuselage cockpit static pressure source. 

The accuracy of the test was approximately ± 2 percent as is explained in more detail in Section 

5.3.2. 

 

Figure 5-24:Pitot tube position in cockpit ventilat or 

 

Figure 5-25 shows the measured flow rate plotted against the calculated flow rate for different 

airspeeds. The measured data was only recorded to a speed of 180 km/h as turbulence prevented 

the pilot from writing down values at higher speeds. 

 

It can be seen from Figure 5-25 that the measured flow rates are close to the calculated values. 

The ventilation system provides approximately 7 percent less air at airspeeds below 140 km/h and  

6 percent more ventilation air at airspeeds above 140 km/h. It can be concluded that the ventilation 
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system will provide sufficient ventilation air when compared to the requirements indicated in  

Figure 5-4. 

 

 

Figure 5-25: Measured ventilation flow rate against  calculated flow rate 

 

5.3.2. Cockpit pressure with extractor active 
The cockpit pressure of the JS1 was measured with and without the extractor active. The 

measurements were taken with two airspeed indicators. The first airspeed indicator was the JS1 

normal airspeed indicator coupled to the tail static source. This is an accurate static source that 

gives negligible airspeed errors. The second airspeed indicator was coupled to the cockpit static 

source. This static pressure source is open to the cockpit interior and gives the static pressure 

inside the cockpit.  

 

The cockpit static pressure was calculated from the airspeed difference as indicated by the two 

airspeed indicators. The airspeed indicator setup is shown in Figure 5-26. 
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Figure 5-26: Airspeed connection for cockpit pressu re measurement 

The glider was flown at airspeeds of 100 km/h, 150 km/h and 200 km/h with the extractor first 

closed and then opened. The airspeed on the test indicator was noted against the airspeed of the 

glider.  The new calibrated airspeed indicators was used for this measurement and the calibration 

data is given in Appendix D. The instrument accuracy was better than ± 0.5 km/h with a 

measurement accuracy of approximately ± 0.5 km/h. The experimental measurement accuracy is 

therefore approximately ± 1 km/h which results in a maximum experimental error of 2 percent for 

each instrument or a total maximum experimental error of ± 2 percent. Table 5-4 shows the 

recorded airspeed data. 

 

Table 5-4: Recorded cockpit airspeed data with extr actor opened and closed 

Test Condition V1 (km/h) V2 (km/h) 

1 Extractor closed 100 101 

2 Extractor closed 120 117 

3 Extractor closed 150 147 

4 Extractor closed 200 200 

5 Extractor open 100 105 

6 Extractor open 120 126 

7 Extractor open 150 158 

8 Extractor open 200 210 

 

 

The cockpit static pressure was calculated from this data. Figure 5-27 shows the cockpit pressure 

data. It is clear that there is a positive pressure in the cockpit from 105 km/h to 200 km/h with the 

extractor closed. The maximum positive pressure is 48 Pa. With the extractor opened, a negative 

pressure is created in the cockpit with a value of -180 Pa at 200 km/h. 

 

:ASI TEST:V2 

:ASI NORMAL:V1 
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Figure 5-27: Cockpit static pressure with extractor  opened and closed 

The pressure difference created by the extractor is shown in Figure 5-28. The pressure difference 

varies between 40 Pa at 100 km/h and 190 Pa at 200 km/h. It is clear from the measurements that 

the extractor is able to remove the positive cockpit pressure completely, and to create a negative 

pressure across the practical speed range of 100 km/h to 200 km/h.  

 

The wing suction system developed in Chapter 3 requires a negative pressure of 30 Pa and a total 

flow rate of 1.7 l/s for an 18 m wingspan and 3 holes every 10 mm. It was shown in Figure 5-27 that 

the extractor is able to create a lower pressure than -30 Pa. The required suction flow rate is only a 

fraction of the current capacity of the ventilation system. It can thus be concluded that the extractor 

will be able to supply the required suction rate for the wing suction system. Design Goal Three as 

was stated in Section 5.1.2 has therefore been satisfied. 
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Figure 5-28: Pressure difference created by extract or in JS1 cockpit 

 

5.3.3. Fuselage boundary layer with extractor activ e 
The previous sections demonstrated that the three design goals, namely supplying sufficient cockpit 

ventilation air, creating a negative cockpit pressure, and supplying sufficient suction to the wings, 

were reached. An extension of the second goal is to investigate whether the negative cockpit 

pressure will allow the boundary layer on the canopy to remain laminar up to the design point. A 

further extension of this goal would be to ascertain whether active boundary layer control through 

suction on the forward fuselage will result in larger areas of laminar flow. 

 

The condition of the boundary layer was measured in free flight with the JS1 prototype. The method 

of Schumann (1972:1), where a thin pipe is connected to a stethoscope, was used. The free end of 

the pipe is positioned in the flow field where the boundary layer condition must be determined. A 

soft whistle indicates laminar flow and a loud rumble is indicative of turbulent flow. It was found 

during wind tunnel testing that the probe tripped the laminar flow to turbulent flow at the test 

position, but this transition occurred downstream of the probe and did not influence the sound that 

was detected. 

 

During the test flying, the probe was positioned on the outside of the fuselage at various positions 

while the boundary layer condition was noted, as shown in Figure 5-29 and Figure 5-30. The 

measurements were taken at airspeeds between 100 km/h and 150 km/h, while the tube was 

placed into the free stream through the storm window. It was possible to measure the transition 

point with an accuracy of ± 5 mm over the length of the canopy which is approximately 1500 mm 

long. This resulted in a canopy drag measurement error of approximately ± 2.5 percent and an 

overall drag error of ± 0.01 percent. 
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With the extractor closed, it was found that the boundary layer does not extend past the canopy 

forward edge and that the flow on most of the canopy was turbulent. This is probably due to the 

canopy edge that trips the laminar flow to turbulent flow.  

 

When the extractor was activated and the cockpit pressure was negative, it was found that the 

laminar transition point extended onto the canopy to a point 100 mm downstream of the canopy’s 

front edge. The increase in laminar flow area due to the low-pressure in the cockpit measured only 

about 300 mm x 100 mm. The extractor was thus able to improve the boundary layer stability and 

allowed for the boundary to remain laminar for 100 mm past the 2 mm canopy gap. 

 

 

Figure 5-29: Measurement method for acoustic mappin g of the boundary layer of JS1 

 

 

Figure 5-30: Acoustic mapping on the JS1 canopy bou ndary layer during flight 
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The next step was to drill a row of small holes on the fuselage in front of the canopy edge, as 

shown in Figure 5-31. The geometry of these holes was based on the geometry of the wing suction 

holes, as shown in Figure 4-22. The holes are open to the inside of the cockpit. The negative 

pressure from the cockpit provides suction through these holes in order to stabilize the boundary 

layer. 

  

This yielded an improvement; testing showed that the boundary layer is more stable and the 

laminar transition point is now approximately 400 mm from the canopy front edge. The position of 

the acoustic probe in Figure 5-30 shows the transition point with the suction active. The total area of 

laminar flow on the canopy is now 0.22 m2, which translates to an overall glider performance 

increase of 1 percent with an overall experimental error of 0.02 percent. 

 

 

Figure 5-31: Boundary layer suction holes drilled i n front of canopy edge 

 

The boundary layer was, however, still very sensitive. Small changes in the angle of attack of the 

fuselage caused the laminar flow to suddenly change to turbulent flow. It was found that a more 

negative angle of attack over the front part of the fuselage was conducive to laminar flow, while 

more positive angles resulted in turbulent flow. The changes in angle of attack were created by 

changing the flap setting and keeping the airspeed constant.  

 

This indicates that the shape of the fuselage nose might be critical, since lower angles of attack 

would allow the stagnation point to move onto the upper surface of the fuselage so that it is 

unaffected by the nose shape. It was noted that the aircraft nose had several nicks and dents due 

to towrope damage. These dents might have destabilized the flow sufficiently to create turbulent 

flow during the higher angles of attack.  
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The laminar boundary layer was also found to be sensitive to the airspeed. At 100 km/h to  

120 km/h, laminar flow was maintained. As the speed increased beyond 120 km/h, the laminar 

boundary layer suddenly changed to turbulent flow. This phenomenon was found to be associated 

with the shape of the air inlet at the nose, and with the effect of change in angle of attack on the 

flow condition at the nose.  

 

A discrepancy between the designed nose shape and the real nose shape was also detected during 

this investigation; this discrepancy also contributed to the sensitivity outlined above. This effect was 

not investigated further since the concept of active boundary layer control on the forward fuselage 

was proven to be feasible.  

 

5.4. Conclusion 

The cockpit ventilation system of the JS1 was analysed in this chapter. It was shown that the 

position of the ventilation outlet behind the canopy edge is superior to the normal outlet at the rear 

of the fuselage. This position results in an average ventilation drag reduction, compared to the 

normal outlet, of 40 percent.  

 

This outlet, called an extractor when positioned in the low-pressure area on the fuselage, is able to 

lower the cockpit pressure to a negative value across the speed range. The extractor was designed 

to eject the ventilation air from the cockpit without causing separation behind. Flight testing 

confirmed that no separation takes place behind the extractor. The internal wing was able to reduce 

the ventilation drag by 61 percent compared to an extractor without a wing installed. 

 

It was proven that the extractor provides a low-pressure suction source that will be able to supply 

the wing suction system discussed in Chapter 3. The concept of using the extractor to generate the 

suction for boundary layer control on the fuselage was also proven to be feasible. It was 

demonstrated that suction is able to stabilize the flow to the extent that a 0.22 m2 portion of forward 

fuselage had laminar flow instead of turbulent flow. This resulted in a 1 percent overall glider 

performance gain. 

 

The flow over the forward fuselage was found to be very sensitive to the fuselage’s angle of attack 

and airspeed changes. Small changes in either of these resulted in the laminar flow changing to 

turbulent flow. Further work on the shape of the fuselage nose is required before full laminar flow 

over the canopy can be achieved. 
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6. Control system design 

6.1. Literature review 

6.1.1. Background 
In the first chapter it was pointed out that the quest for performance in aircraft in general – but also 

specifically for gliders – is not only an aerodynamic problem, but should also include the challenges 

pertaining to controllability and handling. These controllability and handling qualities refer to the 

ease with which the aircraft can be controlled and the way that the aircraft feels to the pilot 

(Raymer, 1989:445). It was mentioned that the high workload in a glider and long flight durations, 

together with the absence of stability augmentation devices, create an environment where pilot 

fatigue can quickly lead to a decrease in performance of the glider-pilot system. 

 

During the design phase an equal measure of emphasis should be placed on the handling qualities 

as on the performance of the glider. This way of looking at design was called the integrated design 

approach. When this approach is not followed, performance gains are usually achieved by 

compromising controllability and handling qualities (Pamandi, 2004:313). There are several 

examples in history where this has happened. The most notable examples in this regard have 

occurred when the glider industry transitioned from wood to composites as main structural material 

during the 1960s. 

 

The pinnacle of glider development in the wooden era was probably the Ka-6, which had very good 

handling qualities (Simons, 2006:172). With the introduction of fibreglass as structural material, 

significant increases in performance were achieved, but with a concomitant decrease in handling 

qualities. The ASW 22, Nimbus 1 and Std Cirrus were all first-generation fibreglass sailplanes and 

all of them exhibited inferior handling qualities compared to the previous generation of gliders 

(Simons, 2005:62, 145, 147, 150). The Nimbus 3, which is a third-generation Open Class glider, 

was designed with performance as the only design goal. This glider exhibits exceptional 

performance, but the handling is described by three-time World Gliding Champion Michael Sommer 

(2011) as the “worst of all gliders ever built”. 

 

The design of handling and control qualities can be divided into two components. The first of these 

entail the basic aerodynamic design and aircraft configuration layout. The second is the design of 

the control system mechanism and links. The aircraft’s stability depends heavily on the 

configuration layout and the sizing of the tail surfaces (Torenbeek, 1982:306). If the tail surfaces are 

large enough, the aircraft will generally be stable. Controllability is, however, inversely proportional 

to the level of stability – and if the aircraft is overly stable, the controllability and handling qualities 

will decrease (Pamadi, 2004:313). 

 

Once the aircraft’s basic configuration and layout have been determined, controllability and 

handling are profoundly influenced by the design of the control system that transfers the pilot input 
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to the control surfaces. Figure 6-1 shows the layout of a simple aileron control system in the wing of 

an aircraft, which transfers the pilot control movements to the ailerons. 

 

 

Figure 6-1: Typical aileron control system in aircr aft wing  

 

The gearing and design of the control system determine how the aerodynamic loads exerted by the 

control surfaces will be felt by the pilot, and therefore how the pilot will experience a component of 

the handling qualities of the aircraft (Torenbeek, 1982:307). A properly designed control system will 

allow the pilot to control the aircraft effortlessly. On the other hand, control system design errors will 

result in an aerodynamically well-designed aircraft with control deficiencies. 

 

Handling qualities during the design phase is by no means a clear-cut problem of solving aircraft 

motion equations or of matching aircraft moment coefficients to predetermined minimum values. 

Handling qualities entail a subjective assessment of how the aircraft feels to the pilot and are 

determined during test flying by means of a handling quality rating scale. The Cooper-Harper 

handling qualities rating scale (Raymer, 1989:447; Yechout et al., 2003:371) is often used for 

powered aircraft while the Zacher method (Reinhard, 2002; Zacher, 1954) is used for gliders. 

 

Since these assessments can only be performed after a prototype had been manufactured, 

modifying an aircraft with inferior handling qualities is expensive. A number of “goodness” criteria 

has been developed which designers can use during the design phase with a view to ensure that 

the prototype aircraft will not have deficiencies (Raymer, 1989:447). These criteria are: 

 

1. An increased elevator control force must cause an increased load factor when turning or 

recovering from dives (European Aviation Safety Agency (EASA), 2003:1-B-6). 

2. The slope of stick curve versus aircraft speed must be positive (EASA, 2003:1-B-6). 

3. The control forces must be appropriate for the aircraft type (Raymer, 1989:447; Zacher, 

1954). 

4. The control restoring force must always be positive (EASA, 2003:1-B-6). 

 

If these criteria are not complied with, the aircraft may still be safe to fly, but the handling might be 

considered inferior. The aileron control system of the Nimbus 3D glider serves as an example. In 

this instance, the aerodynamic restoring moment on the aileron circuit becomes negative at stick 

deflections away from the neutral position (Jonker, 2002). This gives the feeling that the glider 

5. Aileron 

 Bellcrank 

Bellcrank Aileron link 
Auto connector 

bellcrank 

 Auto – Bellcrank link 
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wants to roll more steeply into a turn as soon as it is initiated, and the aileron handling is therefore 

considered to be poor.  

 

6.1.2. Need for the study 
It was shown in the previous section that the design control system of a glider has a direct influence 

on its handling characteristics. Handling deficiencies can be addressed during the design phase of 

the control system by adhering to a few design criteria. This approach requires the use of proper 

design tools that will enable the designer to evaluate and compare different design options. 

  

During the control system design phase of the JS1, the following tools were available for control 

system design:  

 

• Graphic design method 

• Analytical design method 

• CAD systems with full three-dimensional modelling of kinematics systems. 

 

The glider industry standard at that time (1998 to 2003) tended to use the graphic method for 

control system design (Waibel, 2001). This method applies traditional drafting methods in order to 

estimate the control movement through the control system kinematic chain (Pajno, 2006:396; 

Heinz, 1994:5-1). It is a very time-consuming method and is therefore not suitable to evaluate a 

number of different control system options in a short period of time. This method is, furthermore, not 

able to provide answers to the requirement of the above-mentioned “goodness” criteria for handling 

qualities. It is therefore impossible to design a glider control system for handling by means of this 

method. 

 

The analytical method uses geometrical calculations to predict the movement and interaction of 

each component in the kinematic chain (Norton, 1999:27). This method is accurate and faster than 

the graphic method, but is expensive in terms of calculation effort (Yaman, 2002:12). It does lend 

itself to be programmed into a software system, which removes the calculation effort involved and 

makes this a user-friendly design tool. This method can be programmed to calculate control system 

loads and is therefore suitable to evaluate the “goodness criteria”. 

 

The most desirable method for the design of the control system was the third option, which involved 

using a CAD system with the capability of full three-dimensional modelling of kinematic systems. 

These CAD packages were, however, at the time (1998 to 2001) too expensive and out of reach of 

the project budget. They were also limited in their ability to calculate the loads in each component of 

the control system chain and their ability to evaluate the “goodness criteria” was therefore limited. 

Software packages that were investigated were Catia and Solid Works. 
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It was decided to develop control system design software using the analytical method that would 

facilitate fast and accurate design of glider control systems. By implementing a graphic interface, it 

was possible to have all the advantages of a full three-dimensional CAD system. A self-developed 

system also allows the inclusion of special design outputs such as the control system component 

loads and coupling to aerodynamic load models.  

 

In this section, the development of the software as well its application in the design of the JS1 

control system will be described. The aerodynamic design of the tail and control surfaces were 

done by means of a statistical method where the tail-volume-coefficient was used as the main 

design parameter. Since this is a conventional method which does not form part of the original 

contribution of this study, it will not be discussed.  

 

6.2. Control system design software 

The mechanical control system of a light aircraft can be defined as an assemblage of links and 

joints interconnected in such a way that a controlled output motion in response to a supplied input 

motion is provided (Waldron & Kinzel, 2004:3). Due to the interaction of the various elements in the 

kinematic chain, and because of the difficulty in visualizing the movements, it can be a complex 

undertaking to design and optimize such a system. Some modern CAD systems offer users the 

option of simulating movements and of checking for geometric anomalies. It was pointed out in the 

previous section that these packages were not available for the project and it was therefore decided 

to programme the analytical method in a spreadsheet environment. 

 

Almost all standard desktop word-processing bundles include a spreadsheet program. The 

spreadsheet environment provides a graphic interface area that can be used to display the layout of 

a control system while allowing calculation routines to run in the background in the Visual Basic 

programming area. This makes it possible to develop very powerful control system software based 

on the analytical method. 

 

The following design requirements were set for the design software: 

 

1. The control system must be represented graphically to simplify the use of the software. 

2. The software must be parametric to allow quick design changes. 

3. The software must use generic components that allow one to build different control system 

models quickly. 

4. The software must include simple aerodynamic models with a view to estimate control 

surface loads. 

5. The software must be able to calculate the load in every component of the kinematic chain.  

 

Design Requirement One can be met by using the graphics of a spreadsheet. By calculating the 

coordinates of each point of a control system, these can be represented graphically with an 
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interactive interface. The only problem in terms of using spreadsheet graphics is that such a 

spreadsheet can only handle two-dimensional graphs.  

 

This problem has been solved as it was realized that most control systems can be designed so that 

sections of the system are two-dimensional or planar systems with fixed angles, often 90°, between 

adjoining sub-systems. Two-dimensional models and graphics can therefore be used to model 

control systems with simple corrections between components that are out of plane. The models 

developed in this section will therefore be two-dimensional models.  

 

Design Requirements Two to Five are functions of how the programming problem is solved and will 

be discussed in the following paragraphs. 

 

6.2.1. Control system elements 
A mechanical control system can be broken up into three basic elements. These are a link element, 

a bellcrank element and a slider element. A link element is considered to be a single rigid rod with 

pinned joints at each end. The basic parameter is the length of the link, while the coordinates of the 

end points define the position. The rotational position is defined as the angle between the link and 

the vertical, as shown in Figure 6-2 (a). 

 

A bellcrank is considered to be a rigid rod with pinned joints at the ends and a single rotational point 

around which it can pivot. The basic parameters for the arm element are the two arm lengths and 

the angle between the arms. The coordinates of the ends and the pivot point define the position of 

the arm. The rotational position of the arm is defined as the angle between the first arm and a 

reference position, as shown in Figure 6-2 (b). 

 

  

 

 

 

 

 

 

 

Figure 6-2: Link and bellcrank elements  

The relationship between the coordinates of the endpoints based on the coordinates of the pivot 

point and rotation angles are basic geometric relationships. The coordinates of the endpoint, (x2,y2), 

of a link element based coordinates of the pivot point, (x1,y1) are given by Equation (6-1). 

 

(a) Link     (b) Bellcrank 

(x2, y2) 

(x1, y1) 

r1 
Θ2 

(x1, y1) 

(x3, y3) 

(x2, y2) 

r1 
r2 

Θ1 Θ2 

Θref 



6. CONTROL SYSTEM DESIGN 

140 
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(6-1) 

 

Similarly the coordinates of the second arm of the bellcrank, (x3,y3), can be derived if the 

coordinates of the pivot point, (x2,y2), and the first arm, (x1,y1) are known. Equations (6-2) and (6-3) 

give the rotation angle and the coordinates of the second arm.  

 

 &� ! &)*+ � ,-,% .�� / � �� / � 0 (6-2) 

 

 �1 � �� ! "� cos5& ! &� ! &)*+6 

�1 � �� ! "�sin 9& ! &� ! &)*+: 
(6-3) 

 

with θref  - a reference angle from which the initial position of arm 1 is defined, 

  θ1  - the angle between the two arms,  

θ2  - the rotational angle of the bellcrank. 

 

The bellcrank model was implemented in a spreadsheet by developing a generic spreadsheet block 

that contains all the data for the bellcrank as shown in Figure 6-3. In the upper left corner, the input 

data to the element is stored. The x and y offset are the positions of the arm in Cartesian 

coordinates. The x and y coordinates for in, mid, out are the coordinates for the input, pivot and 

output arms. These coordinates are used to prepare the graphic coordinates, which are shown in 

lower cells. The graphical coordinates are the four coordinates required to draw two straight lines in 

a spreadsheet chart to form the arms of the bellcrank.  

 

 

 

Figure 6-3: Bellcrank element as implemented in spr eadsheet  
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The bellcrank element, as shown in Figure 6-3, forms a standalone element. If more than one 

bellcrank is required in a control system model, this element can be copied and pasted as many 

times as required. The example shown in Figure 6-3 represents a bellcrank with arm lengths of  

50 mm and 75 mm respectively. The reference angle is 0° with 60° between the two arms. The 

pivot point is situated at the coordinate (400,100). 

6.2.2. Control system modelling 
When combining the basic elements to form a kinematic chain or control system, the problem is to 

find the position of each of the elements based on the input values and the geometric constraints of 

the system. The geometric constraints are the system parameters such as link and arm lengths, 

and pivot positions.  

 

The simplest control system model is a link coupled to a single arm bellcrank. The problem here is 

to find the position of the link-arm pinned connection, based on the dimension and pivot positions of 

the bellcrank and link. Figure 6-4 shows a link coupled to a single arm bellcrank. Line AB 

represents the link with length r1 while BC represents the arm with length r2 and the pivot point C 

(x2,y2). The coordinates of points A and C are known and the goal is to find the coordinates of  

point B. 

 

 

 

  

 

 

 

 

 

Figure 6-4: Link arm combination 

This can be obtained by calculating the intercept point of the circles with origin A, radius r1 and 

origin C, radius r2. This approach is however difficult to implement on a spreadsheet and therefore a 

direct geometrical solution was derived as follows. 

 

In Figure 6-4 a construction line AC is drawn. From B a line BD is drawn perpendicular to AC. The 

coordinates of point C can be calculated by means of the following geometrical reasoning:  

 

 &1 � ,'(# ;9< ! <�:� / " / "�/2" "� = (6-4) 

A (x1,y1) 

C (x2,y2) 

D 

l1 

l2 

B (xn,yn) 

θ1 

Θ2 

Θ3 

Θ4 

Θ5 

r1 

r2 
h 

Link 1 

Arm 



6. CONTROL SYSTEM DESIGN 

142 

 & � ,#$% ."�#$%&1< ! <� 0 (6-5) 

 &� � ,#$% ." #$%&1< ! <� 0 (6-6) 

 &� � ,-,% .� / ���� / � 0 (6-7) 

 �1 � � ! < cos &� 

�1 � � / < sin &� 
(6-8) 

 & > � 90 / &� (6-9) 

 @ � " '(#&  (6-10) 

 �A � �1 ! @ cos & > 

�A � �1 / @ sin & > 
(6-11) 

 

Figure 6-5 shows how a link-bellcrank combination is implemented on a spreadsheet. The left-hand 

block is the bellcrank element with the link element on the right. The input data of the link block is 

on the left-hand and the calculated values are on the right. The arrows show the coupling between 

the arm and link. The red arrows show the required information from the bellcrank block to the link 

block and the green arrows indicate the calculated results back to the bellcrank block. 

 

 

Figure 6-5: Link-bellcrank implementation in a spre adsheet 
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In the link block the length of the link r1 is fixed and has a value of 280mm in this example. The 

length of the bellcrank arm coupled to the link is r2 with a length of 75 mm. The bellcrank pivot 

points are x2 and y2, and are also copied from the bellcrank block to the link block. The intercept 

points xn and yn, and the bellcrank angle θ1, are calculated with Equations (6-4) to (6-11).  

 

These two simple elements allow for the modelling of more complex systems. A more complex 

system can consist of a number of arms coupled together with links. The positions of each link-arm 

combination can be solved simultaneously to obtain the positions of all the links and arms in the 

system. The way the basic elements are implemented here satisfies Design Requirement Two and 

Three because each block is generic and the specific data for an element is captured parametrically 

in the block. 

 

6.2.3. Simulating larger systems 
A typical control system setup in the wing of an aircraft was shown in Figure 6-1 and it is repeated 

in Figure 6-6 for clarity. This system consists of an auto connector at the wing root, a link from the 

coupler to a bellcrank, a link to the aileron and then the aileron itself. This can be modelled by using 

three of the previously developed bellcrank blocks with two link blocks as shown in Figure 6-7. 

 

 

 

 

 

Figure 6-6: Typical aileron control system in aircr aft wing  

All the geometric data is filled in for every element after which the block couplings are performed. 

The couplings connect the bellcranks and links to form the required model similarly to the couplings 

for the simple arm link model as was shown in Figure 6-5. The spreadsheet model is shown in 

Figure 6-7.  

 

The output result is the graphic representation in the left-hand bottom corner of Figure 6-7. The 

input to the simulation is a mouse-controlled scrollbar. The values of the scrollbar can be set and 

are linked to the rotational angle of the auto connector. The simulation provides a real-time 

graphical simulation result, which proved to be very useful in the design of control systems. 

 

Figure 6-8 shows the graphical representation of the system in more detail. The parametric nature 

of the spreadsheet element model allows for quick changes to the geometry. This, together with the 

ability to immediately view the results, simplify the optimization of control systems significantly. 

 

A: Auto connector 

bellcrank 

B: Link 1 

E: Aileron 

C: Bellcrank 

D: Link 2 



6. CONTROL SYSTEM DESIGN 

144 

 

Figure 6-7: Spreadsheet model for aileron control s ystem 

 

 

Figure 6-8: Linkage layout for a simple aileron con trol system 

 

6.2.4. Load calculation 
Requirement Five of Section 6.2 is the ability to calculate the load in each element in the control 

system as a function of position and input load. The loads in the links are purely axial while the 
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bellcranks can only transfer moments. The loads therefore only need to be calculated at each 

bellcrank as is shown in Figure 6-9. 

 

 

 

 

 

 

 

 

Figure 6-9: Bellcrank loads 

 

All the geometric data at a specific instance is available in the model so that the effective arm length 

for each bellcrank can be calculated. The axial load into a bellcrank can therefore be used to 

calculate the moment on the bellcrank from which the axial load in the next link can be calculated. 

This is shown by Equations (6-12) and (6-13). 
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(6-12) 

 

 

(6-13) 

 

With M - moment transferred by the bellcrank, 

 F1 - load onto arm 1 of the bellcrank, 

 F2 - load onto arm 2 of the bellcrank, 

 Ffriction - friction load from the hinge point bearing, 

 r1Eff - distance to the pivot point perpendicular to F1, 

 r2Eff - distance to the pivot point perpendicular to F2, 

 rfriction - distance to the pivot point perpendicular to Ffriction. 

 

These equations were implemented as load calculation cells in the bellcrank model. The load on 

each component is now directly available as a function of the system position and the input loads 

which can be the control surface load from a simple aerodynamic model. Double ball bearings were 

used on all the control system bellcrank pivot points, resulting in very load friction loads. The effect 

of friction was therefore ignored in this study. 

 

6.3. Design of landing gear mechanism for the JS1 S ailplane 

The landing gear system of the JS1 is a secondary control system, but the control system design 

method will be illustrated on this system. The correct way of using the control system design 

r2 Eff 

M 
F1 

F2 

r1 
r2 

r1 Eff 



6. CONTROL SYSTEM DESIGN 

146 

spreadsheet is to perform an initial calculation to an optimized result. The three-dimensional CAD 

model is built and used to check for interference problems. Finally, the spreadsheet model is 

updated from the CAD model and used to make final refinements which are again applied to the 

CAD model. This process is very fast and efficient because the spreadsheet model’s first iteration is 

normally close to the optimum design.  

 

The spreadsheet model was used in the design of the JS1 sailplane retractable landing gear 

mechanism. This mechanism is manually operated by the pilot. One of the design requirements is 

that the operational load should not be higher than 200 N, which is the maximum temporary 

application effort that can be applied by pilot as specified in the CS-22 airworthiness requirements 

(EASA, 2003:1-B-4). 

 

The first geometry proposed is shown in Figure 6-10. The actuation load was calculated using a 

spreadsheet model and is shown in Figure 6-11. 

 

 

 

 

 

 

 

 

 

Figure 6-10: Linkage layout for landing gear retrac tion mechanism 

 

 

Figure 6-11: Actuation load against position 
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The maximum load with this configuration is 190 N, which satisfies the design requirement, but the 

position of maximum load is at the end of the travel. When the landing gear is pulled up by hand, 

the pilot elbow angle is about 110° - which is its weakest position. This design is therefore not 

suitable and was subsequently redesigned by adding an additional bellcrank, as shown in  

Figure 6-12. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-12: New linkage layout for landing gear re traction mechanism in extended and 

retracted positions 

 

Figure 6-13 shows that the maximum load is now only 150 N. The position of the maximum load 

has shifted forward and the load drops to zero at the end of the range. This is much more suitable 

for human actuation, because the pilot arm becomes weaker at the end of the range.  

 

Figure 6-13: Actuation load against position for ne w linkage 
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can be determined quickly. Figure 6-14 shows the load curve for the second pushrod, DR3Lg, in the 

system. It is clear that the maximum load on this pushrod is 1700 N and occurs near the end of the 

movement.  

 

 

Figure 6-14: Pushrod DR3LG loads 

 

Figure 6-15 shows the completed CAD model as developed from the spreadsheet model. This is 

the final design as was implemented in the JS1 glider. 

 

Figure 6-15: CAD model of landing gear in fuselage  
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6.4. Design of the JS1 flapperon system 

The control system model that has been developed was used to design all the control systems of 

the JS1 glider. The flapperon control system presented the most design challenges and will serve 

as an example of how the model was used to design the control system for handling. As the rudder 

and elevator systems are simple by comparison, only the flapperon system will be presented here. 

 

The “goodness” criteria relevant to the flapperon system are points three and four of Section 6.1.1. 

Point three states that the control forces must be appropriate for the aircraft type. Zacher (1954) 

has pointed out that for gliders the control forces must be as low as possible and EASA (2003:1-B-

4) has given maximum allowable load values. The control system model will therefore be used to 

determine the flapperon control loads. Point four of the goodness criteria states that the restoring 

control force must always be positive. The model will therefore be used to analyze the flapperon 

system restoring force.  

6.4.1. Flapperon system specifications 
The JS1 glider uses flapperons (a combined control surface) that function both as flaps or ailerons 

over the complete span of the wing. Flapperons minimize induced drag during control deflection in 

that the elliptical spanwise lift distribution is not modified when the flaps or ailerons are deflected 

separately.  

 

The flapperon system requires the design of a mechanical mixer system which combines the flap 

and aileron functions properly. The aileron deflection also requires differential deflection; that is, 

more negative than positive aileron deflection. This is necessary in order to reduce adverse yaw, 

which is a problem with the long wingspans in gliders. Adverse yaw is a negative handling quality 

that must be reduced as far as possible (Yechout et al., 2003:209). 

 

The flapperon system specifications follow from the airfoil design work and are given in Table 6-1. 

The specification for the flap deflections are the same as the angles for which the airfoils were 

designed in Section 3.  

 

Table 6-1: Flapperon system specification 

Flap deflections: -3°, 0°, +5°, +13.5°, +16.7°, +20 ° 

Aileron deflection: +11° to -16° 

Flap handle movement: 135 mm 

Stick: aileron movement +25° to -25° 

Aileron differential ratio: 1:1.5 

Maximum flap load 200 N 

Maximum aileron load continuous application 15 N 

Maximum aileron load temporary application 100 N 
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The required aileron deflections were estimated from the typical roll rate of similar designs such as 

the ASH 26 and the ASW 27. The typical roll rate for 15 m-Class gliders is 25 °/s at a test speed of 

1.4 times the stalling speed (Thomas, 1999:253-259). This is a higher roll rate than that of the 18 m- 

Class gliders such as the ASH 26. Because a higher roll rate is always desirable, it was decided to 

set the design roll rate of the JS1 at 25 °/s.  

 

The required aileron deflection for this roll rate was calculated from the estimated inertia of the wing 

and the difference in lift produced between the left- and right-hand wings due to the aileron 

deflection. The required aileron deflection was found to be 13°. To reduce adverse yaw, the design 

aileron deflections were set to +11°< δ<-16°. 

 

The desired control system movement in the cockpit was estimated with reference to cockpits of 

similar gliders for comfortable control and the allowable loads from the CS-22 airworthiness 

requirements (EASA, 2003:1-B-4).  

 

6.4.2. System modelling 
The complete system was modelled using the spreadsheet models developed previously. The 

model of a system as complex as the flapperon control system takes about two hours to set up by 

means of this method. The aerodynamic input loads to the flapperons were calculated with the 

hinge moment equation, Equation (6-14), using the XFOIL derived hinge moment coefficient data 

shown in Figure 6-16. 

 

 BI � JI�KI�'� (6-14) 

 

with  bH = flapperon span, 

 CMH = hinge moment coefficient, 

 q = dynamic pressure,  

 c = average wing chord. 

 

The hinge moment equation was used to calculate the input moments to the flapperons in the 

spreadsheet model. The appropriate flight speed was selected for each flight condition and the 

concomitant angle of attack was then calculated. This allowed for accurate load data to be 

incorporated into the control system design process. 
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Figure 6-16: Airfoil 3 flap hinge moment coefficien t data as calculated with XFOIL 

 

The model was optimized to provide the desired control outputs from the required cockpit control 

inputs. The parametric nature of the design method allowed for the use of the built-in Excel 

optimization routines, which facilitated fast calculation of optimum component dimensions. 

Figure 6-17 illustrates the model of the first design iteration. 

 

 

 

Figure 6-17: Flapperon control system model iterati on 1 
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The flapperon control system is a full three-dimensional system that is modelled in a plane. This 

can only be modelled accurately if consideration is given to any control system direction changes 

that occurs out of plane. Whenever the direction change is 90°, it can be modelled in the same 

plane without loss of accuracy. If the change is not exactly 90°, a correction function must be 

added. This was indeed required where the control system changes direction from the fuselage into 

the wings. Here the angle is not precisely 90 ° due  to the wing dihedral at the root. A small angle 

correction was also included for the flap movement, which is not precisely 90°. 

 

The model can be broken into three main components. The first is the mixer system in the fuselage 

which is driven from the flap and aileron pushrods in the cockpit. This part is modelled as seen from 

the side of the glider. These movements go into the mixer which translates them into vertical 

movements to the wing fuselage junction. Here, at the second part of the model, there is an 88° 

direction change into the wings. This part is modelled as a frontal view. The third main component 

comprises of the pushrods and bellcranks in the wing, which also make an 89° direction change 

and is modelled as a top view.  

6.4.3. Results 
The results will be discussed by first showing how the first iteration of the flapperon control system 

was not able to meet the system specifications. A final version of the control system will then be 

described with prove that the design specifications were met. 

 

Stick moment reversal 

This design satisfied all of the design requirements but violated “goodness criterion” number four in 

that control stick restoring becomes negative at large aileron deflections. This is the same problem 

that was experienced by the Nimbus 3 control system as described in Section 6.1.1. It follows from 

Figure 6-18 shows that there is always a positive restoring movement for the flap settings from δ = -

3° to δ = 13.5°. At δ > 16.7°, the restoring moment changes to negative.  In practical terms, this 

means that the control stick will move hard over to full aileron deflection during the stick-free 

condition. This is clearly undesirable and also unsafe. 

 

This problem gave rise to a design revision; Figure 6-19 shows the final design iteration. Figure 

6-20 presents the stick restoring moment for this design. It is clear from Figure 6-20 that the 

restoring moment remains positive and the curve is linear from the neutral position up to the 

maximum stick movement for flap settings δ > 16.7°. The problem was therefore completely 

corrected. This was accomplished by changing the angles of the bellcrank in the fuselage mixer as 

well as the bellcranks in the wing. It should be noted that this would have been very difficult to 

accomplish this with graphic methods or with the CAD software of the time, which did not allow for 

the analysis of the forces and moments in a control system. 
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Figure 6-18: Stick restoring moment from ailerons a t V = 55 m/s 

 

 

 

 

 

 

Figure 6-19: Flapperon control system model iterati on 2 
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Figure 6-20: Stick restoring moment from ailerons f or iteration 2 at V = 55 m/s 

 

Stick-to-aileron relationship 

Figure 6-21 shows the aileron deflection versus control stick movement. This figure shows the 

deflection for the right-hand flapperon, the left-hand flapperon will have a similar but mirrored 

relationship.  

 

 

Figure 6-21: Flapperon deflection angle against con trol stick movement angle 
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The design point was for the flap in the 0° setting . The design requirements for aileron deflections 

are +11° and –16° with the full 25° control stick m ovement. Figure 6-21 shows that this requirement 

was entirely met and also shows the aileron deflection results for the other flap settings. 

 

Flap-to-flap handle relationship 

The desired relationship between the flap handle and flapperon deflection was also achieved; this is 

shown in Figure 6-22. The total flap handle travel is 135 mm, which yields a flap deflection from -3° 

to +26°. 

 

 

Figure 6-22: Flap handle travel against flapperon d eflection 
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It was stated in the specifications that an aileron differential ratio of 1:1.5 is desirable to reduce the 
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Figure 6-23: Aileron differential against aileron i nput for different flap settings 

The amount of differential diminishes with increased positive flap deflections. This is unfortunate as 

the adverse yaw increases with more positive flap deflections. The nature of the mixer system 

design did however not allow solving this phenomenon. If the differential problem was reduced, the 

stick moment reversal problem increased. It was decided that the differential problem is the least 

important and less differential was accepted. Flight testing showed that adverse yaw is not a 

problem and the achieved differential is sufficient. 

 

Control loads 

The last design point concerned the control loads. CS-22 (EASA, 2003: 1-B-4) specifies that the 

maximum allowable load for the ailerons is 100 N for a temporary application and 15 N for a 

prolonged application. Gliders normally fly at high-speed in the cruise phase where very small 

control corrections are made. The application of ailerons during this phase is typically of a short 

duration and the maximum allowable load is thus 100 N.  

 

During the high-speed flight condition the load calculation is performed at one third of the full aileron 

deflection range. This is done because CS-22 (EASA, 2003: 1-B-4) only allows one third control 

surface deflections at high-speed due to structural load considerations. The resultant stick 

movement is therefore 8.33°. Figure 6-24 shows the stick deflection against load calculated at the 

design diving speed VD = 90 m/s = 324 km/h. The load on the control stick is exactly at the required 

limit of 100 N.  
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Figure 6-24: Stick force against deflection at V = 90 m/s 

During the climbing phase of the flight, the glider circles in a thermal and the pilot is continuously 

manoeuvring the glider to obtain the best climb rate. During this phase, the prolonged application 

maximum load of 15 N is applicable. CS-22 allows for the full deflection of the controls up to the 

manoeuvre speed VB = 205km/h. The handling test speed, according to Zacher (in Thomas, 

1999:253-259), is Vgl = 1.4Vs = 120 km/h.  

 

Figure 6-25 shows that the maximum control stick load for the positive flap settings at 120 km/h is 

5.2 N. This is again below the CS-22 limit of 15 N. The friction in the control system was not 

modelled, but it was measured and the aileron system break-out load was found to be 3.9 N. The 

total aileron control stick load is therefore 9.1 N, which is still below the CS-22 limit. 

 

Figure 6-26 shows the flap handle load for the different flap settings. The analysis was done at  

120 km/h for the flap settings +5° to + 25° and at 200 km/h for the -3° and 0° flap settings. The 

speed of 120 km/h is the maximum speed at which flap settings +5° to + 25° will be used, while  

200 km/h is the maximum speed at which the changeover to the -3° and 0° flap settings will be 

made. If follows from the figure that the maximum flap handle load is 120 N, which is below the  

CS-22 limit of 200 N. 
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Figure 6-25: Stick force against stick deflection a t V = 33.5 m/s 

 

 

Figure 6-26: Flap handle load for different flap se ttings and aileron deflections 
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The spreadsheet model was developed into a three-dimensional CAD model, from which the JS1 
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these components will not be discussed here as this was achieved by means of conventional 

engineering techniques. 

 

 

Figure 6-27: Flap-Aileron control system layout in fuselage 

 

 

 

 

 

Figure 6-28: Flapperon control system in the wing 
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6.5. Control system experimental results 

The performance of the control system was measured experimentally to ascertain the accuracy of 

the models used. The kinematic relationships were first measured, after which the control loads and 

aircraft response were measured during flight testing. The results that were obtained are set out 

below. 

6.5.1. Control system kinematic response 
The flapperon-to-stick relationship was measured by displacing the control stick at 5° increments 

and measuring the flap deflection at the root trailing edge. Figure 6-29 shows the measured 

flapperon deflection against the calculated values of Figure 6-21. The measurements were done for 

flap deflections of -3°, 5° and 20°. If follows fro m Figure 6-29 that the measured values follow the 

calculated values closely and any deviations can most likely be ascribed to measurement errors. 

 

6.5.2. Control system flight test results 
The control loads were measured during flight testing. A simple electronic scale was used by the 

pilot to measure the aileron force when the control stick was moved to the desired deflection 

position at the desired airspeed. The measurements were performed at V = 120 km/h and the 

control stick loads were measured at increments 5° control stick deflection. The tests were only 

performed for the 5° and 13.5° flap deflections.   

 

 

Figure 6-29: Measured flapperon to stick deflection  relationship 
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observation error was estimated to be ± 0.1 N. This results in a possible measurement error of  

± 0.2 N which gives a possible measurement error of approximately ± 4 percent in the middle of the 

measured range. At the lower end of the range the error can be as high as 20 percent while at the 

high end of the range it is as low as ± 1.25 percent. Table 6-2 shows the in-flight measured stick 

loads versus stick position for the two flap deflections. 

 

Table 6-2: In-flight stick loads versus stick posit ion for various flap deflections 

Flight load (N) Flap position   

Stick angle (°) 5 ° 13.5° 

0 0.00 0.00 

5 6.87 4.91 

10 11.77 8.83 

15 16.48 14.22 

20 23.54 18.15 

25 30.41 24.03 

 

As was mentioned previously the effect of friction on the control system was ignored. This is due to 

the use of ball bearings and roller bearing troughout the control system. There are also no cables in 

the control systems with high normal loads that would increase the friction of the system. The 

overall control system friction was however measured on the ground, as the summed total of all the 

small friction components were indeed measurable. 

 

Investigation revealed that most of the control system friction originates from the Mylar gap sealing 

tape that covers the hinge gap on both surfaces of the wing between the wing and the flapperons.  

This tape acts as a spring plate that deflects as the flapperon is deflected from the neutral position. 

The effect is similar to that of a spring system on the flapperons that tents to return the flaps to the 

neutral position. The measured friction values are shown in Table 6-3. The relationship of the 

friction force is linear, which is typical of a spring system, and confirms that the friction is a result of 

the deflection of the Mylar tape. 

 

Table 6-3: Measured stick friction values 

Friction  force (N) Flap position   

Stick angle (°) 5 ° 13.5° 

0 0.00 0.00 

5 3.92 3.73 

10 6.28 6.67 

15 9.81 10.79 

20 13.73 13.73 

25 18.64 18.64 
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The friction values were then subtracted from the measured flight test loads in order to compare the 

measured and calculated values. All in-flight loads were measured at the 1-g load condition. As the 

wings of the JS1 are very stiff it is reasonable to assume that the ground friction load will be the 

same during the 1-g load condition as there is very little wing bending visible at this loading. Figure 

6-30 shows the calculated aileron control stick loads compared to the measured data. The 

measured data follows the calculated data closely and serves to validate the accuracy of the 

previously developed models. 

 

 

Figure 6-30: Measured aileron control loads 

 

6.5.3. Aircraft response 
The minimum design roll rate for the JS1 was set at 25 °/s, from which the aileron deflections were 

calculated. The roll rate was measured using the standard roll rate method of Zacher ( Thomas, 

1999:250), where a 45° reference marks are installe d in the cockpit and the pilot uses a stop watch 

to measure the time to roll from – 45° to + 45°. Th e estimated measurement error using this method 

is ± 0.1 s  which results in an estimated error of ± 1.5 percent.  

 

The roll rate was measured at V = 120 km/h to be 3.2 s for a - 45° to 45° roll. The roll rate is 

therefore 28.1 °/s, which higher than the minimum d esired roll rate of 28.1 °/s. 

 

6.6. Conclusion 

A parametric spreadsheet modelling method for link mechanisms was developed. This modelling 

method uses a common desktop spreadsheet program to model link mechanisms as found in the 
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control systems of a light aircraft. This method allows for real-time simulation of control system 

kinematics with the ability to make quick and easy parametric changes to a design. It also has the 

ability to calculate the loads imposed on each component in the control system as a function of 

input loads and position. The application of the method was demonstrated in the development of 

the retractable landing gear system of the JS1 Sailplane. 

 

The spreadsheet model was then used to design the flapperon control system for the JS1. The 

parametric nature of the model allowed for an optimized system to be developed quickly. It 

furthermore allowed for the detection and correction of control system design errors that are 

impossible to detect with the graphic method. The force calculation incorporated into the model 

made it possible to design the control system in full compliance with the CS-22 design requirements 

for control system loads. The control system kinematic response and flight control loads were 

compared with experimental data and it was found that there is a close correlation between the 

model data and experimental results. 

 

The effect of the control system design method on the handling qualities of the JS1 glider will be 

discussed in Chapter 7. 
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7. Overall glider performance improvement 

7.1. Preamble 

In the previous sections, several performance enhancing design elements were discussed and the 

details of the drag reduction of each element were indicated. In this chapter, the effect of each of 

these elements on the overall performance of the JS1 glider will be evaluated. 

  

It was shown in Section 2.2 that the performance of a glider can be represented by the speed polar. 

During the design phase of a glider, it is convenient to use a theoretically calculated polar to predict 

the effect of design changes on the performance of the glider. A measured polar can be obtained 

once a prototype aircraft has been manufactured. It is, however, difficult to measure and there is 

often a great deal of scatter in the data due to atmospheric movement (Butler, 2011; Hendrix, 

2009:5; Thomas, 1999:165). Normally, glider manufacturers and designers do not have the 

resources to measure the speed polar and the theoretically calculated polar is used for comparative 

studies. 

 

Because the cost and difficulty in obtaining a measured speed polar and the added difficulty of 

isolating the effect of the different performance enhancing elements were prohibitive, it was decided 

to use the theoretical polar as a basis for illustrating the performance gains possible through the 

different design elements. The theoretical polar for the JS1 was calculated using the comparative 

method developed by Bosman (2001). This is a theoretical model that uses measured performance 

from similar aircraft as calibration basis. The result is a method that yields accurate comparative as 

well as absolute performance results. 

 

The following section will first discuss the performance calculation method, after which the effect of 

each of the performance enhancing elements on the overall performance of the JS1 glider will be 

calculated. 

 

7.2. Glider performance calculation method 

It is possible to calculate the performance of a glider by the traditional process of calculating and 

summing the drag coefficients of all the individual components such as the wing fuselage and tail 

(Anderson, 2001:68). The problem with this method is that it is difficult to account for interference 

effects between the different components. Interference drag is therefore often estimated and the 

total performance calculation result is less than accurate (Pajno, 2006:114).  

 

In an attempt to accurately account for the interference effects, Bosman (2001) used the known 

performance data of a similar glider as basis for calculating the effect of design changes. This is 

done by subtracting the theoretical performance of a component under consideration from the 

measured data to obtain the basis performance data.  
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The theoretical performance of the modified component is then added to the basis performances 

data which form the new performance data for the glider. The effect of the modification can then be 

evaluated by comparing the new performance data with the original measured performance data. 

Because the interference effects are included in the basis data, the new performance data is 

inherently accurate. 

 

Bosman (2001) showed that the ASH 26 can be used as a calculation basis for the theoretical 

performance of the JS1. The ASH 26 was chosen since it is the only 18 m-Class glider for which 

measured data was available. The speed polar for the ASH 26 glider was measured by  

Johnson (1995:21) as part of an ongoing series of glider performance measurements that started in 

the early 1970s.  

 

The basic assumption made when calculating the JS1 basic performance was that the fuselage and 

tail of the ASH 26 and the JS1 are similar and will have the same drag. This is a reasonable 

assumption because the ASH 26 fuselage shape was used as the starting point in the design of the 

JS1 fuselage. The final fuselage shape of the JS1 has the same cross sectional area as the  

ASH 26 while the surface area is only 1 percent smaller. The JS1 fuselage is 50 mm longer than 

that of the ASH 26 while the horizontal tail surface is 20 percent smaller. The performance 

calculations using this method and fuselage should therefore yield accurate, if not conservative, 

results. 

 

In this thesis, most of the performance-enhancing elements are focussed on the wing of the glider. 

The performance of the wing should thus be subtracted from the measured data to obtain the 

fuselage and tail drag. Bosman (2001, 65) showed that this is possible for the JS1 by isolating the 

ASH 26 fuselage and tail drag coefficients from the published glide polar. This was done by first 

calculating the theoretical drag of the ASH 26 wing. 

 

The profile drag for the DU89-134/14 airfoil section, which is used on the ASH 26 wing, was 

calculated with XFOIL and the induced drag calculated with the panel code KK-Aero  

(Kubrinski, 1997:87). The drag from these items were then subtracted from the total drag which was 

derived from an ASH 26 measured glide polar (Johnson, 1995). This gave the drag of the fuselage 

and tail from which the drag coefficient could be calculated. Equation (7-1) gives the resulting 

fuselage drag coefficient of the ASH 26, which includes the tail and interference drag components 

as calculated by Bosman (2001:65). 

 

 ��LMNOPQRSTPURVRNSQ � 3.504 � 10��Z ! 2.68 � 10�1 (7-1) 

 

with  v -  airspeed in m/s. 
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This drag coefficient is based on the projected area of the wing. The drag coefficient for the JS1 

was calculated by adding the wing profile and induced drag coefficients to the ASH 26 fuselage 

drag, as shown with Equation (7-2). 

 
 �	 � ��LMNOPQRSTPURVRNSQ ! ��]S^__UVaLSTO ! ��S^bMcOb  (7-2) 

The profile drag for the wing was obtained by first calculating the Re at each station along the wing. 

The profile drag coefficient for each airfoil at the specific required local Re on the wing was obtained 

by interpolating the data from an airfoil database. This database was generated with XFOIL and 

contains the polar data for all the JS1 airfoils developed in Chapter 3. The drag coefficient at each 

station with the relevant surface area and the airspeed was then used to calculate the total wing 

profile drag from which the overall wing profile drag coefficient was calculated. 

 

The wing induced drag was calculated using the relationship for a general lift distribution 

(McCormick, 1979:194) as shown in Equation (7-3). 

 ��S^bMcOb � ���def (7-3) 

 

with  CL - wing lift total coefficient, 

 A - wing aspect ratio,  

 e - Oswald efficiency factor. 

 

The lift coefficient, CL, was calculated from the glider mass and airspeed. The value of e was 

calculated for the wing planform with the panel code KK Aero and has the value e = 1.33 for the 

JS1. This value is higher than the theoretical value of e = 1 for elliptical wings. It was found to be the 

result of addition of winglets to the wing planform. As the efficiency factor for all planform shapes 

was calculated using the same method, the effect is of no consequence.  

 

Using Equation (7-1), it is possible to calculate the overall glider drag coefficient, CD, for a specific 

lift coefficient, CL. It was shown in Section 2.2 that the glider performance can be represented by the 

speed polar, which is a curve of the glider sink speed against the glide speed. As the sink speed 

differences are normally small, a better indication of performance differences is given by the glide 

polar. The glide polar is a curve of the glide ratio against glide speed. The glide ratio can be 

calculated with Equation (2-4) by dividing the lift coefficient with the drag coefficient. Figure 7-1 

shows the JS1 glide polar calculated from Equations (7-1) to (7-3). 
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Figure 7-1: The calculated glide polar for the JS1 

 

7.3. Glider cross-country performance model 

7.3.1. Performance comparison 
The effect of a specific design change on the performance of the glider can be visualized by plotting 

it on the glide polar. Often the effect of some of these performance-enhancing elements are so 

small that the change is not clearly visible on the glide polar (Maughmer, 2001:7). The only 

alternative is to look at the percentage performance increase, but often such a value is still 

meaningless because it applies only to specific region of the flight envelope. It is therefore difficult 

to decide whether a new design change is worthwhile or not. 

 

An alternative way to quantify the effect of a small design change is to calculate the effect of a 

contribution over a hypothetical cross-country racing flight. This is a standard technique which 

allows the designer to ascertain the effect of a design change on cross-country speed of the glider 

(Maughmer, 2001:7). This technique can be extended by calculating the effect of a design change 

on the points scored during a typical contest flight. This has a very clear meaning to a contest pilot 

and gives a clear indication of the relative merit of a design change. 

 

A cross-country model uses the glide polar with the minimum sink speed and a weather model to 

calculate the cross-country speed over a preset distance. Weather models vary in complexity from 

a simple thermal strength value to a statistical model with various thermals of different strength, 

diameter and lift distributions (Quast, 1978; Horstmann, 1976). In this study, a simple thermal 

strength model was used with the calculated polar to predict the cross-country speed. The points 

scored in a contest were calculated from the cross-country speed is using the FAI Sporting Code 

scoring formulae (FAI Sporting Code Annex A, 2010: 21). 
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7.3.2. Cross-country model 
The basic flight profile followed by a glider on a cross-country flight was shown in Figure 2-1 and is 

repeated here for clarity (Figure 7-2). The flight profile comprises of alternating sections of gliding 

and climbing.  

 

 

 

 

 

 

 

 

Figure 7-2: Diagram for basic cross-country flight model 

 

The average cross-country speed depends on the length of the task, pilot’s choice of glide speed 

and on the thermal strength, as well as on the percentage of the time spent climbing. The average 

cross-country speed can be calculated from the glider speed polar, thermal strength and task 

distance using the following method by Thomas (1999:62): 

 

 �� � �9��: (7-4) 

 

 -�gE�* � �Gh�i��  (7-5) 

 

 -FgEjk � l
�F (7-6) 

 

 �hm� � �Gh�i-�gE�* ! -FgEjk (7-7) 

 

 

With   Vs -  the sink speed, 

Vg - the straight glide speed, 

P(Vg) - glide polar function giving sink speed as function of glide speed, 

Vc -  the climbing speed, 

Dtask  -  task distance to fly, 

H - height required to complete task, 

tclimb - time required to climb height H at Vc 

tglide - time required to glide distance Dtask. 

Vs 

Vg 

Vc 

Dtask 

H 
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Arbitrary values can be used for the task distance and climbing speed, but the calculated cross-

country speed is more sensible if realistic data is used. Table 7-1 defines five typical day types for 

thermal strength and cross-country task distance. This data is based on the conditions experienced 

at the 31st World Gliding Championships held in Szeged, Hungary from 20 July to 6 August 2010, 

and is typical of most gliding competitions (WGC2010, 2010). 

 

Table 7-1: Typical cross-country competition tasks 

Day type 1 2 3 4 5 6 

Distance flown (km) 500.00 400.00 300.00 300.00 250.00 250.00 

Average climb speed (m/s) 3.00 2.50 2.00 1.50 1.00 0.80 

Time spent in thermals (%) 25 30 35 40 50 60 

 

The points scored in a contest can be calculated using the FAI scoring model for gliding contests. 

This model states that when all competitors complete a task, the winner will receive 1000 points 

and the points of the slower competitors will be proportional to 2/3 of the speed of the winner as 

shown in Equation (7-8), (FAI Sporting Code Annex A, 2010: 21). 

  

�E � 6679�$ / �
1 �o:

1/3�o ! 333 (7-8) 

 

With   Pi -  points allocated to i th competitor, 

Vw - average task speed of winner (km/h), 

Vi  - average task speed of i th competitor (km/h). 

 

The scoring method also states that the maximum points will be devaluated when the task time is 

less than 3 h or when all competitors do not finish the task. This is, however, not required for the 

comparative analysis of this thesis, and only the 1000 points with proportional distribution will be 

used here. 

 

In the subsequent sections, the effects of the different performance enhancing elements on the 

overall performance of the glider will be analyzed. The effects will be illustrated on a glide polar. If 

the effect is too small to be visible on the glide polar, a percentage improvement will be calculated 

and if the result is still meaningless, the point difference for a competition flight will be calculated. 
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7.4. Analysis of performance improvement 

7.4.1. Spanwise tailored airfoils 
The effect of spanwise tailored airfoils is clearly illustrated when the performance of the JS1, 

calculated with a single airfoil at all spanwise stations, is compared with the performance when the 

correct spanwise tailored airfoil is used on the wing. For the single-airfoil wing, Airfoil no. 3, the 

base airfoil section, was used. Figure 7-3 shows the JS glide polar where the spanwise tailored 

airfoils is used against the glide polar where the base airfoil is used at all wing stations. 

 

The performance of the spanwise tailored airfoils is better over the entire speed range. Two cases 

are shown, for an all-up mass of 400 kg and for an all-up mass of 600 kg. This represents the 

practical mass limits of the JS1. The performance increase is, however, small and it is difficult to 

distinguish between the polar curves.  

 

 

Figure 7-3: JS1 glide polar with spanwise tailored airfoils 

 

The percentage performance increase was calculated and is shown in Figure 7-4. The average 

performance increase is approximately 0.5 percent. At 600 kg the performance increase is  

0.45 percent at 150 km/h. This value decreases to 0.25 percent at 200 km/h, after which it rapidly 

increases to 0.75 percent.  

 

The discontinuity in the curves at 160 km/h, as shown in Figure 7-4, becomes smaller as the flying 

mass decreases. This was found to be the result of the decrease in profile drag reduction with an 

increase in lift coefficient over the speed range of 150 km/h to 190 km/h, as was illustrated in  

Tables 3.3 to 3.10. 
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Figure 7-4: JS1 performance increase with spanwise tailored airfoils versus single- 
airfoil wing 

 

7.4.2. Active boundary layer controlled airfoil 
The effect of the active boundary layer control on glider performance was tested separately for the 

two boundary layer control schemes developed in Chapter Four. Firstly the effect of the double-

turbulator system was analyzed after which the effect of suction on the overall performance of the 

JS1 was investigated. 

  

Double-turbulator system 

This investigation was performed by firstly calculating two airfoil profile drag datasets, one with an 

artificial boundary layer trip at the 71 percent chord position during positive flap deflections, and the 

second set with the trip at the 93 percent chord position (according to the scheme developed in 

Section 4.2). The glide polar of the JS1 was then calculated for the two cases. All calculations were 

performed for the optimum flap settings at each speed across the glide polar. 

 

Figure 7-5 shows the JS1 glide polar with the double-turbulator system active in comparison with 

the single trip at the 93 percent position. It follows from the figure that there is a maximum increase 

of one glide ratio point for both mass cases at the low-speed range of the polar where the positive 

flap deflections are used.  

 

To clarify the data, the percentage increase was also plotted and is shown in Figure 7-6. The 

maximum increase in glide ratio is 1.9 percent at a mass of 400 kg case and 1.7 percent at a mass 

of 600 kg. This represents a significant increase in performance on the low-speed side of the polar.  
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Figure 7-5: JS1 Performance with double turbulator system active 

 
Since the performance increase is in the low-speed region, the double-turbulator will influence the 

climbing ability of the glider. The climbing performance is not clearly shown in the glide polar as this 

depends more on the sink speed at low-speed than on the glide ratio. The effect of the double- 

turbulator on the climbing performance was analyzed by calculating the sink speed for both 

configurations using Equation(2-3).  

 

 

Figure 7-6: Performance increase with double-turbul ator system 

 
Table 7-2 shows the sink speed of the JS1 calculated with the double-turbulator active and inactive. 

The calculation was performed at a flying mass of 600 kg in the 16.7° flap setting at an airspeed of 

88.5 km/h = 24.6 m/s. The lift coefficient at 24.6 m/s is CL = 1.4 and the corresponding Cd values 

were taken from the drag polar of Airfoil No. 3 as was shown in Figure 4-10.  
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Table 7-2: Sink speed comparison between double tur bulator and singe turbulator systems 

Condition CL Vg (m/s) Cd profile Cd fuse Cdi CD Vs (m/s) 

Single turbulator active 1.42 24.6 0.0122 0.0035 0.0172 0.0330 0.571 

Double-turbulator active 1.42 24.6 0.0090 0.0035 0.0172 0.0298 0.515 

 

It follows from Table 7-2 that there is a 0.056 m/s calculated sink speed difference between the two 

systems for this flap setting and operating point. This value, however, does not give a clear 

indication of the performance improvement. It was therefore decided to calculate the height gain 

and the difference in points scored when the system is used during a typical contest flight. 

 

The height gain and point difference were calculated for the six day types defined in Table 7-1. 

Table 7-3 shows the average cross-country speed calculated for each of these days when flown 

with the JS1 with the double-turbulator active. The difference in height gained in thermals between 

the two systems was simply calculated as the climbing speed difference of 0.056 m/s multiplied by 

the time spent climbing. The height difference is the extra height that must be climbed when the 

double turbulator is not active. The rate of climb for the extra height was taken as the average 

climbing speed for the day. The reduction in task time was then calculated as the height difference 

divided by the average climbing speed/ 

 

The results show that for Day Type 1 the height difference is 186 m with a total time saving of one 

minute. The height difference obtained while climbing increases with a reduction in thermal strength 

from Day Type 1 to 6. With the 0.8 m/s climbing speed of Day Type 6, a JS1 equipped with the 

Double-Turbulator system will climb 458 m higher than one without, resulting in 9.5 minutes 

reduction in task time.  

 

Table 7-3: JS1 cross-country performance with doubl e-turbulation system 

Day type 1 2 3 4 5 6 

Distance flown (km) 500.00 400.00 300.00 300.00 250.00 250.00 

Flight time (h) 3.72 3.36 2.78 3.19 3.41 3.81 

Thermal percentage (%) 25.00 30.00 35.00 40.00 50.00 60.00 

Time thermalling (s) 3349.60 3624.03 3507.72 4593.76 6132.86 8235.00 

Climb difference (m/s) 0.056 0.056 0.056 0.056 0.056 0.056 

Height gained difference (m) 186.53 201.81 195.33 255.81 341.52 458.58 

Time saved (min) 1.04 1.35 1.63 2.84 5.69 9.55 

Average climb speed (m/s) 3.00 2.50 2.00 1.50 1.00 0.80 

Vs (m/s) 1.47 1.07 0.97 0.89 0.91 0.91 

Vg (m/s) 55.56 47.22 44.44 41.67 38.89 38.89 

Vavg (km/h) 134.34 119.20 107.76 94.04 73.38 65.57 

Total points with double-turbulation 1000 1000 1000 1000 1000 1000 

Total points with single-turbulation 990 986 980 970 946 920 

Points gained with double-turbulation 10 14 20 30 5 4 80 
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The last row in Table 7-3 shows increase in points scored with a Double-Turbulator equipped JS1. 

On Day Type 1, there is a difference of only about 10 points over a three-hour flight. As the 

thermals become weaker, the point difference increases to a value of 80 points for Day Type 6. The 

significance of this point difference can be illustrated by the results of the 31st World Gliding 

Championships shown in Table 7-4, (WGC2010, 2010).  

 
This championship was characterized by some of the weakest thermal conditions ever experienced 

during a World Gliding Championships. On four of the seven competition days, the 18 m-Class flew 

with task times longer than 4 hours. The average thermal strength on these days was less than  

1 m/s and more than 50 percent of the task time was spent climbing. The weather conditions on 

these flights were even weaker than defined in Day Type 6.  

 

A pilot could therefore have gained 4 x 80 = 320 points when the four weak days were flown with 

the double turbulator active. The JS1 gliders at the contest did not have the Double-Turbulator 

systems activated as the final wind tunnel test data was not yet available at the time.  

 

 
Table 7-4: The 31st World Gliding Championships fin al results for 18 m-Class  

Position  
 

CN Pilot Country Glider Total 

1 PL NIERADKA Zbigniew Poland ASG 29 6279 

2 WZ JONKER Uys South Africa JS-1 6199 

3 MC STARYSZAK Karol Poland ASG 29 5909 

4 XG SZEMPLINSKI Jerzy Canada ASG 29 5898 

5 ZP JONKER Attie South Africa JS-1 5870 

6 7D DIVOK Maros Slovakia Ventus 2 5867 

7 WO JANOWITSCH Wolfgang Austria Ventus 2 5797 

8 MP TERMAAT Ronald Netherlands JS-1 5729 

9 B BASTIAANSE Rien Netherlands ASG 29 5721 

10 E1 CHEETHAM Russell United Kingdom JS-1 5673 

11 10 FOLTIN Vladimir Slovakia LS 10 5669 

12 CZ LOUZECKY Pavel Czech Republic Ventus 2 5638 

13 29E DARROZE Olivier France ASG 29 5612 

14 F FRIEDLI Rolf Switzerland ASG 29 5572 

15 UJ COUTTS John New Zealand JS-1 5534 

 

 

Table 7-5 shows the possible results if the all JS1 gliders had flown with the Double-Turbulator 

system activated. With this system, the competitor in 15th position would have ended up in 7th 

position. The pilot in 10th position would have ended up in 3rd position and the second-place pilot 

would have won the championships. The four JS1 gliders would have been in the top five positions.  
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The “what-if” analysis on past competition results will usually attract criticism because a single 

change in the contest parameters can result in totally different results due to the way pilots fly 

together and interpret the conditions. The analysis here simply serves to prove that the small 

performance gain possible with the Double-Turbulator system can have a significant effect in 

competition flying and is thus worth pursuing. 

 

Table 7-5: Possible final results for the 31 st World Gliding Championships if JS1 gliders used 

the Double-Turbulator system 

Position  
 

CN Pilot Country Glider Total 

1 WZ JONKER Uys South Africa JS-1 6519 

2 PL NIERADKA Zbigniew Poland ASG 29 6279 

3 ZP JONKER Attie South Africa JS-1 6190 

4 MP TERMAAT Ronald Netherlands JS-1 6049 

5 E1 CHEETHAM Russell United Kingdom JS-1 5993 

6 MC STARYSZAK Karol Poland ASG 29 5909 

7 XG SZEMPLINSKI Jerzy Canada ASG 29 5898 

8 7D DIVOK Maros Slovakia Ventus 2 5867 

9 UJ COUTTS John New Zealand JS-1 5854 

10 WO JANOWITSCH Wolfgang Austria Ventus 2 5797 

11 B BASTIAANSE Rien Netherlands ASG 29 5721 

12 10 FOLTIN Vladimir Slovakia LS 10 5669 

13 CZ LOUZECKY Pavel Czech Republic Ventus 2 5638 

14 29E DARROZE Olivier France ASG 29 5612 

15 F FRIEDLI Rolf Switzerland ASG 29 5572 

 

 
Suction system 

This investigation was performed to determine the effect of boundary layer suction at the 71 percent 

chord position at the high-speed flap settings. Since XFOIL cannot calculate the effect of suction, 

the measured drag data from the wind tunnel tests was used to update the profile drag data. It was 

shown in Chapter 3 that boundary layer suction on the airfoil can reduce the drag by up to 11 

percent and that the average reduction is approximately 6 percent. The calculated XFOIL profile 

drag data was therefore reduced by 6 percent for the analysis of the effect on the overall 

performance. 

 

The glider polar for the JS1, with and without lower surface suction, is shown in Figure 7-7. The 

polar only shows the effect of the suction at zero degree and negative flap settings. The suction is 

therefore only activated from 115 km/h at 400 kg and from 140 km/h at 600 kg. The change over in 

flap settings show up as a discontinuity at these speeds.  
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Figure 7-7: Performance with boundary layer suction  active on lower surface 

 

The polar shows that the effect of the suction drag reduction represents a marked improvement 

across the speed range. The glide ratio improves by 1.8 percent at the low-speed range and by  

1.6 percent at the high-speed range for both the 400 kg and 600 kg cases. 

 

7.4.3. Cockpit extractor for boundary layer control  
There are two effects that must be evaluated for the cockpit extractor. The first is the effectiveness 

of the cockpit ventilation, and the second is the performance improvement due to the extractor.  

 

Cockpit ventilation 

The cockpit ventilation improvement was obtained by measuring the inflow velocity at the cooling 

vent with the extractor both shut-off and active. The flow rate was measured using an aircraft 

airspeed indicator with the Pitot tube mounted in the ventilation air stream. Table 7-6 shows the 

measured ventilation flow rate data. 

 

The improvement in airflow rate is 4.7 percent at 100 km/h and it increases to 11.5 percent at  

150 km/h, then drops to 3.8 percent at 180 km/h. The values show that there is a marked 

improvement in cockpit ventilation due to the addition of the extractor. 
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Table 7-6: Measured cockpit ventilation air flow ra te data with extractor both active and 

inactive 

Test 
V aircraft  
(km/h) 

Vvent (extractor off) 
 (km/h) 

Vvent (extractor on)  
(km/h) 

Improvement 
 (%) 

1 100 43 45 4.7 

2 120 48 50 4.2 

3 140 52 55 5.8 

4 150 61 68 11.5 

5 170 78 81 3.8 

6 180 79 82 3.8 

 

 

Performance improvement 

It was shown in Chapter 5 that the cockpit extractor is able to improve the stability of the boundary 

layer over the front fuselage and canopy. The extractor with boundary layer suction control on the 

forward fuselage was able to increase the laminar flow area by 0.22 m2. This resulted in a  

0.75 percent performance increase in the 100 km/h to 120 km/h range, as is shown in Figure 7-8. 

The effect is similar for both mass cases.  

 

The sensitivity of the boundary layer to angle of attack and airspeed changes prevented gains at 

speeds above 120 km/h. Figure 7-8 shows that performance increase drops to zero beyond  

120 km/h as the laminar flow of the fuselage transitioned to turbulent flow.  

 

 

Figure 7-8: Performance increase with boundary laye r suction on front fuselage through the 

use of the cockpit extractor 
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 It was also shown in Chapter 5 that the placement of the extractor behind the canopy instead of at 

the end of the fuselage reduces the ventilation drag by 61 percent. Figure 7-9 shows that the overall 

performance increase is 0.17 percent at low-speed and increases to 0.45 percent at high-speed for 

both mass instances. 

 

 

Figure 7-9: JS1 performance increase due to interna l drag reduction by use of cockpit 

extractor instead of fuselage tail air outlet 

 

The main performance-enhancing effect of the extractor is, however, the possibility that it can 

supply sufficient suction to the wing suction system. This will result in a practical and legal suction 

system for competition gliders with a significant performance enhancement as was indicated in the 

previous section. 
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7.4.4. Control system design 
It was stated in Chapter 6 that the high pilot workload in a competition glider together with the 

absence of artificial stability augmentation systems and long flights can create an environment 

where pilot fatigue can reduce the performance of the glider-pilot system. The handling qualities 

and stability of the glider should be designed so as to support the pilot and decrease his workload. 

An integrated design approach was followed for the JS1 where performance increase and handling 

qualities were pursued simultaneously. 

  

The purpose of this section is to validate the success of this design approach with specific 

reference to the handling qualities of the JS1. As handling qualities are a subjective assessment of 

how the aircraft “feels” to the pilot, it was decided to use the feedback from JS1 pilots to rate the 

handling. The Zacher method (Thomas, 1999:254) lists handling parameters that could be used for 

such an assessment, but these parameters were developed for assessment from a safety point of 

view. It was felt that it lacks certain performance aspects important to competition pilots. 

 

As a result a flight handing questionnaire was developed that is directly related to handling qualities 

that affects the performance of the pilot during a competition. An example of such a handling 

parameter is the time it takes for a pilot to learn to fly a glider well enough to be competitive with it. 

 

According to Goudriaan (2010), the ASW 27 is a glider that takes about 100 hours to learn to fly 

well. This means that an experienced competition pilot will take about 100 hours of flying before he 

can fly the ASW 27 effectively and competitively. Goudriaan (2010) also comments that the  

ASW 27, because of a lack of stability, requires constant attention to speed control which fatigues 

the pilot. 

 

Goudriaan (2010) and Jonker (2010) noted that it is possible to fly the JS1 competitively after about 

10 hours of familiarization. The inherent stability and control harmony allow the pilot to concentrate 

on strategic decisions which means that he does not waste effort on flying the aircraft.  

 

The handling questionnaire developed for this investigation is show in Table 7-7. The questionnaire 

consists of 11 questions that firstly aim to establish experience level of the pilot. Secondly, the 

questionnaire sets out to establish the handling qualities of the JS1 in comparison to the glider 

previously flown by the pilot. The rationale behind each question is given below. 

 

Question 1 asked the name of the previous glider that the pilot had flown while Question 2 and 3 

were asked with a view to obtain an indication of the level of competition experience the pilot had in 

terms of final positions attained in national and international gliding competitions. The 4th question 

pertained to the pilot’s total glider flying experience in terms of flight hours. 
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Questions 5, 6 and 7 relate to the rating of the handling qualities of the JS1 on a scale of one to ten. 

Question 8 asked the pilot how many hours it took him to learn to fly the JS1 effectively. This 

question should be viewed in conjunction with Question 9 which addresses the time required to fly 

the previous glider competitively. Questions 10 and 11 asked the pilot to quantify the inherent 

stability of the JS1 as opposed to that of the previous glider he has flown competitively. Question 12 

asked for any remarks regarding the flying and handling qualities of the JS1.  

 

Table 7-7: Handling questionnaire for JS1 Pilots 

No. Question   

1 Name of the previous glider you had flown competitively  

2 Highest national competition placing for yourself  

3 Highest World Championship placing for yourself  

4 Total gliding experience: hours flown  

5 Rate the JS1 overall handling qualities 1 to 10. 1 = Bad, 10 = Excellent  

6 Rate the JS1 control harmony. 1= Bad, 10 = Excellent  

7 Rate the JS1 low-speed, stall characteristics. 1= Bad, 10 = Excellent  

8 How many hours are required on the JS1 before you can fly it competitively?  

9 How many hours were required on your previous glider before you could fly it competitively?  

10 Rate the in-flight attention required to fly the JS1 well. 1- Requires constant attention, 10- Nearly flies itself.  

11 Rate the in-flight attention of you previous glider. 1- Requires constant attention, 10- Nearly flies itself.  

12 Any remark regarding the JS1 flying and handling qualities you would like to point out.  

 

There are presently 23 JS1 gliders flying of which 15 are flown by competition pilots. These pilots 

were asked to fill in the questionnaire; seven responded. The results of the seven completed 

questionnaires were compiled and the answers for questions with numerical answers were 

averaged. The results are shown Table 7-8. 

 

Table 7-8: Handling questionnaire averaged results 

No. Question Summary 

1 
Name of the previous glider you had flown competitively 

ASW 20, 22, 27, LS8, 

Discu2A, Std Cirrus 

2 Highest national competition placing for yourself 1.14 

3 Highest World Championship placing for yourself 10.14 

4 Total gliding experience: hours flown 3900.00 

5 Rate the JS1 overall handling qualities 1 to 10. 1 = Bad, 10 = Excellent 8.86 

6 Rate the JS1 control harmony. 1= Bad, 10 = Excellent 9.14 

7 Rate the JS1 low-speed, stall characteristics. 1= Bad, 10 = Excellent 8.86 

8 How many hours are required on the JS1 before you can fly it competitively? 11.29 

9 How many hours were required on your previous glider before you could fly it competitively? 78.57 

10 Rate the in-flight attention required to fly the JS1 well. 1- Requires constant attention, 10- Nearly 
flies itself. 8.71 

11 Rate the in-flight attention of you previous glider. 1- Requires constant attention, 10- Nearly flies 
itself. 5.14 
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Discussion of questionnaire results 

Question 1 

The responding pilots had flown five different glider types among them, from three different 

manufacturers. Three of the gliders, the ASW 20, Discus 2 and LS 8 are renowned for their good 

handling qualities (Simons, 2005:77, 138, 171). The comparison with the JS1 is therefore a valid 

one. 

 

Question 2 

Most of the pilots had won at least a one competition at national level with the average for all the 

pilots being 1.14. It is thus clear that most of these pilots are among the best in their respective 

countries. 

 

Question 3 

Two of the responding pilots had won a World Gliding Championships with a second place, a third 

place and fifth place at World Gliding Championships. The average placing is 10.14. Again, this 

shows the high level of international competition experience among the pilots. 

 

Question 4 

The average flight hours for all the responding pilots were 3900 hours, again showing that the pilots 

are experienced glider pilots and thus able to make comparisons between the handling qualities of 

different gliders. 

 

Questions 5, 6, 7 

The overall handling qualities of the JS1 have been rated as 8.86 out of 10. The control harmony 

was rated as 9.14 out of 10 and the stall characteristics of the glider were rated as 8.86. This gives 

an overall handling figure for the JS1 of 8.95. This is a high value that gives an indication of the 

effectiveness of the integrated design approach used here. 

 

Question 8, 9 

The time required before the JS1 can be flown competitively was indicated as 11.29 hours. This can 

be compared to the average value of 78.6 hours for the other gliders the pilots previously flew. It is 

seven times faster to learn to fly the JS1 competitively than it is for other gliders flown by the 

responding pilots. 

 

Question 10, 11 

The in-flight attention required to fly the JS1 was rated as 8.71 against the 5.14 of other gliders. 

This means that the JS1 needs 41 percent less attention to fly than the other gliders. This reduced 

workload can be used to make “strategic and tactical decisions” and will result in the increased 

performance of the glider-pilot system. 
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The conclusion that can be drawn from these pilot questionnaires is that the JS1 is a glider with 

exceptional handling qualities that is easy to fly and does not require a great deal of attention to fly 

well. This can be in part attributed to the unique method that was used to design the control system 

and attention to detail in the aerodynamic design. The result is a glider-pilot system that functions 

more effectively than its peers and enables the pilot to extract a higher performance from the glider. 

 

7.5. Summary 

The relative performance improvement potential of each of the elements as was calculated is 

shown in Table 7-9. The largest possible effect is due to the drag reduction over the canopy due to 

the increase in laminar flow. The potential performance increase here is 3.5 percent, but only 0.7 

percent could be measured during flight testing. The second largest effect is the active boundary 

layer control. The smallest effect is due to the spanwise tailored airfoil sections. The effect of 

handling on performance could not be effectively quantified and the contribution was ignored in this 

summary. 

 

Table 7-9: Performance improvement potential of dif ferent elements 

No. Method Possible performance increase (%) Reference 

1 Spanwise tailored airfoil sections 0.5 Figure 7-3 

2 Active boundary layer control: Double turbulator 1.6 Figure 7-6 

3 Active boundary layer control: Suction 1.8  Figure 7-7 

4 Cockpit extractor for boundary layer control 0.4 Figure 7-9 

5 Laminar flow over canopy 3.5 Figure 5-1 

6 Handling Not calculable  

  Total possible performance increase 6.2  

 

A total performance improvement of 6.2 percent is possible. This is a large performance 

improvement and is typical of the improvement between two generations of gliders. At this stage, 

performance enhancing elements 1, 4, 6 are implemented on the JS1. The next stage will be to 

implement the active boundary layer control for which provision was made on all JS1 gliders 

already flying. 

 

 

7.6. Measured overall performance of the JS1 

The performance gain for each of the enhancing elements was shown in the previous paragraphs. 

These performance results were calculated using a comparative approach. It was previously stated 

that the performance calculation method used should yield accurate comparative as well as 

absolute results. A final step is to confirm these calculated results with experimental results in the 

form of a tested glide polar for the JS1. 

 

It is extremely costly and time-consuming to measure the polar of a glider accurately. Furthermore, 

the tests should be performed early in the morning during the winter when the atmosphere is stable 
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with relatively small vertical air mass movements. The measurements are conducted by towing the 

test glider with a power aircraft to a height of 3 000 m above ground level. In order to obtain a full 

glide polar at the optimum flap settings, up to 10 test flights might be required.  

 

Two test flights were conducted in which the sink rate data points were measured in order to 

establish viability of a full performance test flight programme. The polar data was collected by flying 

the glider at predetermined airspeed values across the polar for 60 s at a time while the altitude 

data  was logged at 2 s intervals. The L/D at each speed point was calculated from the airspeed 

and altitude loss over that period. The data was corrected for temperature and altitude. The glider 

was flown at a mass of 400 kg. 

 

The altitude data was collected using a calibrated electronic data logger with a resolution of ± 0.5 m 

while the airspeed was flown accurately to ± 1 km/h. The normal glider airspeed indicator was used 

to select a speed and the GPS speed readout was used to keep the speed constant. The attitude 

resolution resulted in a measurement accuracy of 0.3 percent while the airspeed error resulted in a 

1.2 percent accuracy. 

 

The measured polar is shown in Figure 7-10.  A second-order curve was fit through the data and 

the accuracy of the fit was found to be R2 = 0.86.  This indicates that there was some scatter in the 

data which is to be expected. The measured performance was however found to be 12 percent less 

than the theoretical polar as shown in Figure 7-11. The only plausible explanation for this was that 

the atmosphere was sinking during the tests, biasing the data to the low side.  An atmospheric sink 

rate of 0.1 m/s will result in a 20 percent error which will completely mask the effect of any of the 

performance enhancing elements. 

 

 

Figure 7-10: Measured polar data 
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Figure 7-11: Measured polar in comparison to calcul ated polar 

 

Figure 7-11 also shows that the measured polar is linear which is also an anomaly as the polar 

curve is normally parabolic (Pajno, 2006:84), similar to the shape of the calculated polar. The 

measured shape indicates that the sink rate of the air at the lower levels, where the high-speed 

portion of the polar was tested, was lower than that at higher altitudes. 

 

A possible reason for the sinking air is that the tests were performed in the summer months when 

the atmosphere is very unstable. Convection during a typical summer day can result in a large 

areas of sinking air during the night and early morning. The inversion layer is also much higher in 

the summer than in the winter. Butler (2011) and Hendrix (2009:5) therefore recommend that these 

tests only be conducted during winter time and that a large number of flights must be used to 

reduce the statistical uncertainty. Winter testing was however not possible within the time frame of 

the project. 

 

It therefore follows that flight testing over a short period of time during the summer months will not 

result in usable data. The effect of the atmospheric movement will completely mask the effect of the 

performance enhancing elements and it is therefore unsuitable to detect the relative performance of 

each of the elements. 

 

It was therefore decided to use an alternative approach. During competition fights, gliders are 

required to carry a flight data logger which logs the position, speed and height of the glider at 5 s 

intervals. Using the data from these log files it was possible to obtain a number of data points from 

which a glider polar could be constructed. 

 

The data points were taken from flights that were undertaken on days when the thermal strengths 

were low, as characterised by stable weather conditions, and for the final glide portions of the flight 
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which is normally flown in the late afternoon with relatively stable conditions. The data points were 

gathered from eight log files and the results are shown in Figure 7-12. 

 

 

Figure 7-12: JS1 measured flight performance 

 
It is clear from the figure that there is a great deal of scatter in the data. This is typical of the 

problem of performance measurement of gliders (Butler, 2011; Hendrix, 2009:5; Thomas, 

1999:165). The main reason for the scatter is the vertical movement of the air in the atmosphere. A 

second-degree curve was fitted through the data, which correlates well with the theoretical polar, 

with R2 = 0.65. 

  

The typical accuracy of flight test data is R2 = 0.9 which was obtained during the measurement of 

the Std. Cirrus glide polar (Hendrix, 2009). The lower value for the JS1 data is due to the fact that 

the data points were taken from flights performed on days with thermal activity to which the scatter 

in the data can be ascribed. 

 

A better indication of the JS1 performance might be the contest results. Since the first flight of the 

prototype in 2006, it was entered in a number of competitions with superb results. Table 7-10 shows 

the contest history of the JS1.  

Table 7-10: JS1 Contest performance history 

Year Contest Position 

2006 South African Nationals  1 

2007 South African Nationals  1 

2008 South African Nationals  1 

2008 USA Nationals 1 

2009 UK Nationals 1 

2009 South African Nationals  1 

2010 USA Nationals 2 

2010 UK Nationals 1 

2010 World Gliding Championships 2 
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In every competition entered by the JS1, it has finished in a first or second place over the last four 

years. The performance results culminated in the 2010 World Gliding Championships where six JS1 

gliders were entered out of a field of 53 with the following final standings: Four JS1 gliders in the top 

10 and a second place to the JS1. Figure 7-13 shows Uys Jonker on the podium after receiving the 

Silver Medal. This was truly a remarkable result that demonstrates the comparative performance of 

the JS1 against the best other gliders and glider pilots in the world. 

 

 

Figure 7-13: Uys Jonker taking second place in the 31st World Gliding Championships flying 

the JS1 

 

7.7. Conclusion 

In this chapter, the effect of a number of performance-enhancing design elements on the overall 

performance of the JS1 glider was calculated. The calculation method is comparative in nature and 

is based on the measured performance of the ASH 26 glider. The combined effect of the four 

performance-enhancing elements shows an overall performance increase of 6.2 percent. This is a 

large improvement that represents the difference in performance of two glider generations. The 

absolute value of the performance calculation was validated using measured data from JS1 flights. 

A great deal of data scatter was found, but the data trends supported the calculated performance 

values. 
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8. Conclusion 
 

8.1. Conclusion 

In this study it was demonstrated that the quest to improve the performance of a glider should be 

treated as an integrated design problem where aerodynamic enhancements should be considered 

together with the problem of aircraft handling qualities. This will allow a pilot-glider system to 

achieve a higher performance due to the absence of poor handling qualities that will lead to pilot 

fatigue or that will be a distraction to the pilot. 

 

Three aerodynamic performance-enhancing elements and a control system design approach were 

suggested and their application in the design of the JS1 glider was described. The aerodynamic 

performance-enhancing design elements are the use of spanwise tailored airfoil sections, the use of 

active boundary layer control on the wing of the glider, and a cockpit air extractor for boundary layer 

control. 

 

Spanwise tailored airfoil sections refer to the method of using several different airfoil sections on the 

wing, each optimized for the average Re at the position where it is used. This is in contrast to 

historically applied method where at most three airfoil sections were used on the wing of a glider. 

Seven different airfoil sections were designed for the JS1 and the design features of each was 

discussed. It was demonstrated that each of these airfoil sections entailed an improvement on the 

original airfoil section at the local Re. It was, furthermore, indicated that the spanwise tailored airfoil 

sections has the potential for a 0.5 percent overall performance improvement on the JS1. 

 

Active boundary layer control in the context of this study refers to the system with a double row of 

turbulator holes positioned on the bottom surface of the wing. The rear holes are used during high- 

speed flights to trip the flow from laminar to turbulent to prevent the formation of a laminar 

separation bubble. The front holes are used to prevent the laminar separation bubble in the flap gap 

during positive flap deflections. It was found that this application resulted in a 1.6 percent overall 

performance increase for the JS1 glider. 

 

The front holes are also used for suction during negative flap deflections. It was found that the 

suction stabilizes the boundary layer while reducing the thickness thereof and resulted in a  

1.8 percent overall performance improvement. 

 

A new cockpit extractor was developed that improves the ventilation and lowers the cockpit 

pressure to a negative value. This prevents air leakage around the canopy edges which usually 

trips the laminar flow over the forward fuselage to turbulent flow. It was shown that laminar flow 

instead of turbulent flow over the forward fuselage represents a 3.5 percent performance 

improvement. 
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The performance of the extractor was verified by means of flight testing, but only a 0.5 percent 

performance improvement could be measured. The extractor was also designed to provide a 

suction source for the boundary layer control on the wing. 

 

Lastly, control system design software was developed which allows to design for and evaluate 

specific handling qualities of the glider during the design phase. The application of this software on 

the development of the JS1 was demonstrated. Furthermore, the handling qualities of the JS1 were 

quantified through a questionnaire for JS1 pilots who confirmed the success of the integrated 

design approach. 

 

8.2. Recommendations for further work 

• It was found that the design of spanwise tailored airfoil sections should be developed into a 

holistic design approach for wing design where several aspects can be integrated. Some 

ideas that should be considered in this regard are: 

o Ensure that the lift curve slope is exactly the same for all of the spanwise tailored 

airfoils and that the tip airfoils follow the same curve into the stall. 

o Ensure that 
��/
p is the same for all airfoils. This can be achieved by varying the 

chord of the flap toward the lower Re. 

o Airfoil design must be combined with the wing planform design to generate the Clmax 

limits so that the stall lift reserves for the tip airfoils can be properly designed. This 

will also allow the tip airfoils to be further optimized for lower drag and not to design 

them for excessive lift reserves. 

 

• Airfoil design might be automated by a search routine that optimizes the airfoil automatically 

for the above-mentioned points. For this study, each airfoil was optimized by hand, which is 

a very labour-intensive method. 

 

• The wing-to-flap hinge gap is sealed with a small Mylar strip. During positive deflections, 

this Mylar strip makes a smooth curve between the wing and the flap. During the XFOIL 

calculations of the airfoil polar data, the XFOIL flap deflection routine was used to generate 

airfoils with flap deflected. This routine makes a sharp kink at the wing flap gap, which is 

correct for airfoils without the Mylar gap seal. This might influence the airfoil data. It might 

be worthwhile to investigate the effect of the Mylar curvature on the airfoil performance. 

This can be accomplished by measuring the Mylar curve during positive deflections and 

updating the airfoil data in XFOIL before polar calculations are done. 

 

• The suction phenomena can be investigated using modern CFD software. The effect has 

been investigated in the wind tunnel and only the broad effect was illustrated. Modern CFD 

software suites such as Fluent allow the user to investigate the mechanism in more detail 

and will allow the theoretical optimization of suction rates and hole size.  
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• A detailed internal flow model of the extractor and cockpit can be developed on modern 

CFD systems such as Fluent. This will allow the extractor to be optimized for the flow 

through the fuselage. It was stated previously that further performance gains might be 

possible by applying suction to the fuselage. The extractor allows for new improvement to 

fuselage design, as a suction generator was not previously available. 

 

• The use of the extractor might allow the high pressure stagnation point at the wing-fuselage 

junction to be vented. This might reduce or even remove the horseshoe vortex that forms 

around the wing root with the associated drag savings. 

 

• An electronic yaw string is technologically possible. Presently, a wool tuff positioned on the 

forward canopy is used as yaw string. This trips the laminar flow on the canopy to turbulent 

flow with the resultant drag penalty. An electronic yaw string can use static pressure ports 

on the side of the fuselage to sense the relative yaw angle of the glider. This will prevent 

the turbulent wedge behind the yaw string and allow the canopy to be fully laminar with the 

resultant performance gains. 

 

• The boundary layer over the front part of the JS1 was found to be very sensitive and easily 

transitioned to turbulent flow. This is in contrast to the CFD results which indicate that the 

flow over this part of the fuselage should be laminar. The cockpit extractor was able to 

stabilize the flow to some extent, but there is still potential for performance increase in this 

area. It is thus suggested that the suction system applied here should be analysed using 

CFD methods. A systematic flight test investigation will shed further light on the instability 

and might result in the full laminar flow on the forward fuselage. 

 

• Due to irregular atmospheric conditions it is recommended that all performance flight 

testing be conducted in winter time to reduce the effect of atmospheric movement. The 

statistical uncertainty can be further reduced by conducting several tests on different days. 

It is suggested that a constant-velocity probe with logging equipment be developed.  This 

probe can be dropped at the start of the test and the relative atmospheric movement can be 

calculated. This will allow performance flight testing to be conducted in the summer months 

as well. 
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Appendix A 

A.1 Calculation of tunnel blockage factors 

The tunnel blockage correction factors were calculated using the method of Thom  

(Ray & Pope, 1984:354). The lift and drag correction factors can be calculated from Equations (A-1) 

and (A-2). 

 

 )231( wbsbdud CC εε −−=  (A-1) 

 

 
)(2

48
1(

22

sbwblul h

c
CC εεπ +−







−=  (A-2) 

 

with 

  Cd - corrected profile drag, 

  Cdu - uncorrected profile drag, 

  Cl - corrected profile drag, 

  Clu - uncorrected profile drag, 

  εsb - solid blockage correction, 

εwb - wake blockage correction. 

 

 

The wake and solid blockage corrections can be calculated from the relations by Thom (Ray & 

Pope, 1984:354) as shown in Equations (A-3) and (A-4). The calculation of the correction factors for 

the lift and drag is shown in Table A-1. 
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with 

  c - airfoil chord, 

  h - tunnel height. 
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Table A-1: Tunnel blockage correction factor calcul ation 

Tunnel name NWU University of Pretoria 
Tunnel dimensions     
b (mm) 460.00 720.00 
h (mm) 460.00 800.00 
C (tunnel section area) (mm2) 211600.00 576000.00 

Model dimensions     
Airfoil name NWU00A AS97-129/14 
b (mm) 460 720 
c (mm) 300 300 
t (mm) 38 39 
Model volume 3680460 5851440 

Solid blockage     
K1 0.7400 0.7400 
Εsb 0.0280 0.0099 

Wake blockage     
Tau 0.1630 0.1042 
Cdu 0.0140 0.0140 
Εwb 0.0023 0.0015 

Drag correction factor  0.91 0.97 

Lift correction factor  0.85 0.95 
 

 

A.2 References 

Ray, W. H., Pope, A., 1984. Low-Speed Wind Tunnel Testing, New York: John Wiley & Sons. 
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Appendix B 

B.1 Airfoil naming convention 

An airfoil naming convention is required during the development of airfoil sections to allow the 

designer to keep track of design changes between different generations in the development phase. 

The name must capture essential airfoil design parameters so that the airfoil characteristics are 

clear from the name. The following convention was used for the JS1 airfoil sections. 

 

Typical Name : NWU02A-23-127-14 

 

The different fields in the name have the following meaning: 

 

NWU - North West University, 

02 - Airfoil designed in 2002, 

A - First airfoil designed in 2002, 

23 - Design Reynolds number x 105, 

127 - Maximum thickness is 12.7 percent of the chord length, 

14 - The flap chord is 14 percent of the wing chord. 

 

A letter might be added after the last digit to indicate if the airfoil is designed for a specific flying 

surface other than the main wing: 

 

R - Root airfoil, 

T - Tailplane airfoil, 

WL - Winglet airfoil, 

F - Fin Airfoil. 
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Appendix C 

C.1 Estimation of tunnel turbulence levels 

The turbulence level can be estimated by measuring the transition point on the upper surface of an 

airfoil. This measured transition point can be matched to the predicted transition point calculated by 

XFOIL for the same airfoil and test conditions by changing the amplification factor N. 

 

Van Ingen (2008:10) has shown that the relationship between the amplification factor and tunnel 

turbulence is given by: 

 

 )ln(4.243.8 TuN −−=  (C-1) 

 

with N - amplification factor, 

 Tu - turbulence level. 

 

The turbulence level of the NWU wind tunnel can be estimated using this method. The transition 

point on the upper surface of the wing was measured at the 216 mm position. This is at the 72 

percent chord position. XFOIL gives a 72 percent transition position with N =7. 

 

Using Equation (C-1), the turbulence level of the NWU wind tunnel was calculated to be 0.16%. 

 

 

C.2 References 

Van Ingen, J.L. 2008. The eN method for transition prediction. Historical review of work at TU Delft, 
AIAA 2008-3830, 38th Fluid Dynamics Conference and Exhibit, 23 - 26 June 2008, Seattle, 

Washington. 
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Appendix D 

D.1 Airspeed indicator calibration certificates 

The airspeed indicators used during testing was supplied by the Winter. These instruments have an 

accuracy of ± 2 km/h and comes with a release certificate to certify the quality and accuracy. The 

following release certificates were received for the instruments used. 

 

 

Figure D-1: Release certificate for ASI 1 

 

Figure D-2: Release certificate for ASI 2 
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D.2 Calibration data for Scale 

The calibration data for the electronic scale used for control load measurements is give below: 

 

 

Figure D-0-3: Scale calibration data  

0

0.1

0.2

0.3

0.4

0.5

0.6

0 5 10 15 20

E
rr

o
r(

%
)

Load (kg)


