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1. Introduction

For many years, the instability of laminar flow and the transition to turbulence have maintained a constant interest in fluid mechanics problems. This interest results from the fact that transition controls important aerodynamic quantities such as drag or heat transfer. For example, the heating rates generated by a turbulent boundary layer may be several times higher than those for a laminar boundary layer. For high-subsonic speed, commercial transport aircraft, the skin friction drag represents about 50% of the total drag. Friction drag has two important generators, wings and fuselage, which have similar contributions and account for about 70% of the total friction drag (Robert, 1992). Therefore the achievement of laminar flow on the wings by delaying the onset of transition can reduce significantly the friction drag and hence the specific consumption of the aircraft. The potential benefits are important, because transition separates the laminar flow region with low drag from the turbulent region where skin friction dramatically increases. For a complete aircraft, a drag reduction of 15% can be achieved if HLFC (Hybrid Laminar Flow Control) is applied to wings, tail surfaces and nacelles.

The objective of this Lecture is to provide an overview of the techniques which are available today for controlling laminar-turbulent transition. The first problem to solve for maintaining laminar flow on a wing is to avoid leading edge contamination: if the attachment line boundary layer is turbulent, turbulence will spread over the whole wing and any attempt to control transition would be meaningless. This problem is addressed in paragraph 2.

When the attachment line flow is laminar, transition control on the wing becomes possible. Several techniques have been developed for many years for application to civil transport aircraft and can be considered as mature today. They include Natural Laminar Flow, Laminar Flow Control by full-chord suction and Hybrid Laminar Flow Control. These techniques have proven their efficiency for a long time and have been widely validated in wind tunnel and in free flight conditions, at least for subsonic and transonic conditions. Some examples of results are given in paragraph 3, with emphasis on flight experiments. 

In parallel with the continuous improvement of the “old” techniques, new possibilities of transition control have been developed during the last years. Most of them are still very far from practical applications, but they present at least a fundamental interest for the understanding of the transition mechanisms and/or the validation of the transition prediction methods. These new techniques are described and discussed in paragraph 4.  

2. How to prevent leading edge contamination ?
Let us recall that the attachment line of a swept wing is contaminated by the fuselage turbulent boundary layer when the leading edge Reynolds number 
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 exceeds a critical value close to 250. In many practical situations, 
[image: image2.wmf]R

 is larger than this critical value, so that it is necessary to develop specific tools in order to delay leading edge contamination.

As the leading edge Reynolds number is proportional to the square root of R sin tan(Arnal et al, 2008c), where R is the leading edge radius and  the sweep angle, the first idea is to reduce the leading edge radius and/or the sweep angle near the root. As technological problems can make this solution difficult to apply, other solutions, both passive and active, have been proposed. 

2.1. Passive devices: Gaster bumps and slots
A successful device to prevent leading edge contamination is the “Gaster bump” (Gaster, 1967). This consists of a small fairing which is attached to the leading edge close to the wing root. It is shaped in such a way that the contaminating turbulent boundary layer is brought to rest at a stagnation point on the upstream side whilst a “clean” laminar boundary layer starts to develop from this stagnation point. This principle is illustrated in figure 2.1; the bump shown here was designed by ONERA around 1990. In practice, three parameters need to be optimized: the height of the device (several times the incoming attachment line boundary layer thickness), its shape (one has to avoid CF transition on the flanks and laminar separation on the rear part) and its spanwise position (neither too far nor too close to the root). Gaster bumps enable the onset of leading edge contamination to be delayed up to values of 
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 of the order of 350 to 450. Devices of this type were successfully used during flight experiments (Jet Star wing, Falcon 50 wing, Falcon 900 wing, A 320 fin). 
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	Figure 2.1-

Gaster bump 

on the leading edge

of a swept wing


Seyfang (1987) tested several passive devices aimed at restoring laminar flow on a contaminated attachment line (step-up, step-down, square trips, grooves…) The hypothesis for the mechanism leading to relaminarisation is that the devices generate trailing vortices which “pump” the attachment line turbulent fluid. The main problem is to optimise the dimensions of these devices in order to avoid boundary layer tripping effects.

A different concept for a passive anti-contamination device was proposed and tested by Gaster (1998). It consists of a thin metallic sheet with downstream part attached to the leading edge and forming a narrow slot at its upstream edge. The incoming turbulent boundary layer passes through the slot and bleeds out at the edges of the plate. A new laminar boundary layer is created on the upper surface of the plate. Low speed wind tunnel tests showed that the best designed slot was able to prevent leading edge contamination up to Reynolds numbers close to the linear stability limit, i.e. 
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 ≈ 550 to 600. According to Gaster, this very simple device has considerable incidence tolerance.   

To our knowledge, the first published investigation devoted to contamination prevention at supersonic free-stream Mach numbers was carried out by Creel et al (1991) at NASA Langley in the Mach 3.5 low disturbance wind tunnel operating in quiet conditions. The model was a cylinder of 1 inch diameter placed at  = 60( (supersonic normal Mach number) and  = 76( (subsonic normal Mach number). The relaminarisation devices were similar to those investigated by Seyfang. They included square devices (height = width), fences positioned at 30( or 13° to the leading edge and sawtooth devices. For  = 76(, square devices were successful at relaminarising the attachment line flow above a certain minimum height; for smaller heights, the devices acted as boundary layer trips. The 30( fence and sawtooth devices were marginally successful and the 14( fence was not efficient. For  = 60(, no relaminarisation was observed. The authors concluded that relaminarisation is more difficult to achieve for supersonic normal Mach numbers than for subsonic normal Mach numbers. For the successful cases, the mechanism could be similar to that proposed by Seyfang in low speed conditions.
Supersonic experiments were carried out in the ONERA S2MA wind tunnel at the Modane-Avrieux centre in the framework of the SUPERTRAC (SUPERsonic TRAnsition Control) project funded by the European Commission (Arnal, 2007). The model was a symmetrical wing fixed at a sweep angle  = 65° to a wind tunnel vertical wall. The stagnation pressure was varied from 0.3 to 1.4 bar for two free-stream Mach numbers M0 = 1.7 (subsonic normal Mach number) and 2.7 (supersonic normal Mach number). Seven different anti-contamination devices were tested. The most efficient device prevented leading edge contamination up to 
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* ≈ 320 at M0 = 1.7 and up to 
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* ≈ 400 at M0 = 2.7 (the definition of 
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* is given in the Lecture devoted to Attachment line problems, Arnal et al, 2008c). This result is in contradiction with Creel’s finding that contamination control is easier on subsonic leading edges than on supersonic leading edges.      
2.2. Active device: suction

Leading edge contamination can also be controlled by suction applied along the attachment line. The first results were obtained from DNS carried out by Spalart (1988). These computations showed that contamination could be delayed up to 
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 ≈ 350-400 for K = -1. K is a dimensionless suction parameter, defined as:
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where Vw is the suction velocity. 

Basic wind tunnel experiments (Poll and Danks, 1995, Juillen and Arnal, 1995, Reneaux et al, 1996, Arnal et al, 1997, Séraudie, 2001) confirmed the efficiency of this approach. The results are summarized in figure 2.2, which shows the evolution of 
[image: image11.wmf]c

R

 (the critical value of 
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 for which the first turbulent spots are detected along the attachment line) as a function of K. Despite some scatter, a relation of the type:
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correlates fairly well the measurements. 
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	Figure 2.2-

Suction effects

on the appearance

of leading edge

contamination
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	Figure 2.3-

Combined effects

of suction

and of Gaster bumps 


The combined effects of suction and of a Gaster bump were studied at ONERA in the F2 wind tunnel by using the so-called DTP A model described in a previous lecture (Arnal et al, 2008c). This model was a constant chord (C = 1.2 m) swept wing generated from a symmetrical airfoil with a radius R of 0.2 m at the leading edge. Leading edge contamination was generated by the thick turbulent boundary layer developing along the wind tunnel floor at which the model was fixed. The leading edge was equipped with suction chambers along the span and with a Gaster bump close to the wing-wall junction. In fact, two Gaster bumps were tested: bump1 had a height of 29 mm and a length (in the spanwise direction) of 365 mm, bump2 had a height of 40 mm and a length of 500 mm. The detailed results are described by Arnal et al, 1997, and by Séraudie, 2001. Figure 2.3 shows the variation of 
[image: image16.wmf]c

R

 as a function of K for the cases without bump, with bump1 and with bump2 (the results with bump1 were also plotted in figure 2.2). Let us consider first the data without suction. Without bump, contamination appears for 
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 ≈ 250, as usual. Due to its too small dimensions, bump1 exerts a rather modest effect. Bump2 is much more efficient since values of 
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 around 460 are reached. For large suction rates, the three series of data collapse into a single curve approximated by relation (1), and the Gaster bump no longer plays any role.  

2.3. From attachment line contamination to “natural” transition 

Even if leading edge contamination is avoided, “natural” transition is likely to occur through the amplification of unstable waves denoted as Görtler-Hämmerlin (GH) disturbances for low speed flows. The development of these waves was investigated along the leading edge of the DTP A model, without and with suction (see the Lecture on attachment line problems, Arnal et al, 2008c).

The experimental and numerical results indicate that the minimum value of 
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 at which the GH waves are observed increases rapidly with increasing suction. Figure 2.4 shows a comparison between the Reynolds numbers for the appearance of leading edge contamination and for the appearance of GH disturbances, as a function of the suction parameter K. It is clear that relaminarizing a turbulent boundary layer requires much more suction than damping “natural” waves. 
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	Figure 2.4-

Leading edge
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3. “Industrial” methods for laminar flow control 

In the 80’s and at the beginning of the 90’s, all civil aircraft manufacturers in the US and in Europe made great efforts to reduce aircraft drag. The friction drag reduction on aircraft wings by laminar-turbulent transition control appeared as the most efficient way to reach this objective. A survey of the most relevant results (in particular those obtained in free flight conditions) can be found in Arnal (1993), Collier (1993), Joslin (1998) and Braslow (1999). After a period where the industrial interest in transition control decreased, new industrial and research programs have started. This paragraph gives an overview of the former and current activities in this field.  

3.1. Preliminary remarks 

The laminar flow control techniques which are mature today are based on modifications of the mean flow field. As indicated by the inviscid linear stability theory (Rayleigh’s theorem), inflectional mean velocity profiles are highly unstable at infinite Reynolds numbers; they are also unstable at finite Reynolds numbers of practical interest. The objective of the mean flow field modifications is mainly to eliminate the inflection points or, at least, to reduce their destabilizing effect by changing their position into the boundary layer. In general, decreasing the altitude of the inflection point and/or the velocity gradient at this point reduces the growth rate of the disturbances. Clearly, the task is rather easy for TS instability; it is much more complex for CF instability because an inflection point will be always present in the crossflow mean velocity profile.

For pure 2D flows (typically on unswept wings), the analysis of the streamwise momentum equation shows that there are 3 parameters able to reduce TS instability: negative pressure gradient, cooling (in air) and suction.

· As velocity profiles subjected to negative pressure gradients do not exhibit any inflection point, increasing the streamwise distance between the stagnation point and the point of minimum pressure will increase the laminar flow area;

· Cooling at the wall modifies the kinematic viscosity and thus the shape of the velocity profile in such a way that its stability is improved;

· Suction also modifies the shape of the velocity profile; in particular it decreases the shape factor and can eliminate inflection points.

Controlling CF disturbances is a much more difficult task, because the crossflow mean velocity profiles w always exhibit at least one inflection point, which cannot be removed. Therefore the objective is to displace the inflection point towards lower altitudes and to reduce the amplitude of the crossflow velocity component (this usually leads to a decrease of the velocity gradient at the inflection point). This can be done by using wall cooling and suction, but for a given suction rate, the effect is less than in 2D flows and cooling has practically no effect on CF disturbances (Arnal, 1994). On the other side, negative pressure gradients damp out TS waves but create a crossflow velocity component which has to be minimised; such gradients are “favourable” for 2D flows only. It can be demonstrated that for a given flow acceleration between U1 at x1 and U2 at x2, the distance x2-x1 must be as short as possible in order to reduce the crossflow development.
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	Figure 3.1-
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wings 

(from Collier, 1993;
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From these considerations, three kinds of laminar flow control have been developed:

· Optimisation of the pressure gradient (NLF, Natural Laminar Flow). On a 2D model, it is sufficient to impose extended regions of negative pressure gradients. On swept wings, the flow acceleration is strong close to the attachment line in order to control CF waves, then it is mild in order to eliminate the crossflow velocity component and to prevent TS instability;

· Full-chord suction (LFC, Laminar Flow Control) ;

· Combination of the previous techniques (HLFC, Hybrid Laminar Flow Control). On a swept aircraft wing, boundary layer suction is applied only around the leading edge, and then natural laminar flow is obtained over the wing box through a proper tailoring of the geometry. This concept avoids the undesirable characteristics of NLF, which is sweep limited, and of full-chord LFC, which is very complex. 

Figure 3.1 illustrates these concepts and shows typical pressure distributions. As explained before, the efficient use of cooling is restricted to 2D flows. 

3.2. Major NLF flight experiments

Historically, the NLF flight experiments done with an F-111 aircraft and an F-14 aircraft were of particular importance as they demonstrated the key effect of CF disturbances on swept wing transition. A glove was installed on the F-111/TACT (Transonic Aircraft Technology) airplane and tested in early 1980 through a range of sweep angles. As the glove was not designed to minimize CF instability, a strong decrease in the laminar extent was observed with increasing sweep angle. The F-14 VSTFE (Variable Sweep Transition Flight Experiment) research began in 1984 and was completed in 1987. The flight data allowed a deeper understanding of the role of TS and CF disturbances on the transition mechanisms.  
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	Falcon 50 aircraft equipped with its

NLF fin element
	Comparison of skin friction coefficient

M0 = 0.76, altitude: 12 km, = 35°

	Figure 3.2- NLF flight experiments on the Falcon 50 fin (from Arnal and Bulgubure, 1996)


In Europe, the NLF concept was studied by Dassault Aviation at transonic conditions on a wing element mounted on the upper part of a Falcon 50 aircraft fin, which was truncated for this purpose (1985-1987), see Courty et al (1993), Arnal and Bulgubure (1996). To investigate the variation of transition with the sweep angle , the nominal 25° sweep angle could be raised to 35° by installing a wedge. Transition was detected by infrared thermography and by hot film sensors glued on the NLF wing element. The analysis of the results showed that TS waves were dominant for  = 25º, whilst transition was induced by CF disturbances for  = 35º. Transition was delayed up to mid-chord, in agreement with numerical predictions. In addition, the hot film sensors allowed estimating the extent of the transition region. A view of the aircraft and a comparison between measured and computed skin friction coefficients are shown in figure 3.2. 

In Germany, flight experiments were conducted on the VFW 614/ATTAS (ATTAS: Advanced Technologies Testing Aircraft System) research aircraft with a special glove installed on the right wing (1987). Changing the yaw angle provided sweep angle variations from = 13º to  = 23º. TS and CF instabilities were identified for variations in Mach number from 0.35 to 0.70, Reynolds numbers from 12 106 to 30 106, see Horstmann et al (1990), Redeker et al (1990).

The European Laminar Flow INvestigation (ELFIN) funded by the European Commission has been initiated in 1989. Beside the improvement of computational methods for transition prediction, it was focused on the development of laminar flow technology for application to commercial transport aircraft. This effort included transonic wind tunnel evaluation of a HLFC concept on a large scale model (see paragraph 3.3) and NLF flight demonstration on a Fokker F100 aircraft. For the flight tests, a full-chord, partial-span glove was bonded to the original wing surface. Depending on the Reynolds number, on the angle of attack and on the yaw angle, transition was triggered either by TS or by CF instability. The results have been carefully analysed in subsequent European projects such as ELFIN II or EUROTRANS.

Some interesting attempts to extend the NLF concept to supersonic flows have been made in the recent years. There are no dramatic changes in the stability properties of CF waves from subsonic to supersonic flows, but the same is not true for TS disturbances. When the free-stream Mach number Me increases from 0 to 2, the growth rate of the TS waves is strongly reduced (Arnal, 1989). For N = 10, for instance, increasing the Mach number from 0 to 2 multiplies the corresponding values of RxT on a flat plate by a factor greater than 4, RxT being the transition Reynolds number based on the streamwise distance. On supersonic swept wings, NLF is thus possible if CF instability is maintained below a critical limit in the leading edge region and if a nearly zero pressure gradient flow is achieved further downstream.

The concept of supersonic NLF was studied by the Japanese researchers of JAXA (formerly NAL) of Tokyo in the framework of the NEXST-1 (National EXperimental Supersonic Transport) programme. The objective was to keep a large part of natural laminar flow on the wings of an unpowered, unmanned demonstrator flying at Mach 2. The length of the demonstrator was 11.5 m; its span was 4.7 m. A co-operation was initiated in 2000 between ONERA and JAXA in order to predict transition on the wing shape designed by NAL (Yoshida et al, 2001). The results were confirmed at the end of 2000 during tests performed in the S2MA wind tunnel on a model (scale 1:4) of the demonstrator. After the failure of a first trial in July 2002, the demonstrator was successfully launched in October 2005. A large amount of data was obtained and showed a large portion of natural laminar flow on the right wing (Tokugawa and Yoshida, 2006, Fujiwara et al, 2006). Then Navier-Stokes, boundary layer and linear stability computations allowed computing the N factor. Figure 3.3 presents a comparison between the measured transition line and the N factor curves computed by ONERA using the envelope strategy, for the following conditions: altitude = 18 km, Mach number = 2, chord Reynolds number = 14 106 (for a mean chord of 2.754 m). In the inner wing region, the transition N factor is around 15. It decreases toward the wing tip up to values close to 7. JAXA obtained similar results. The decrease in the N factor could be due to the wing deformation, which was not taken into account in the computations. 
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	Figure 3.3-  Measured transition line and N factors on the NEXST-1 demonstrator


The idea of a supersonic NLF aircraft was also investigated for the design of the Aerion Business Jet  at a maximum operating Mach number equal to 1.6 (Matisheck, 2007, Sturdza, 2007). In order to avoid CF disturbances, the wing and tail are practically unswept. As the wing is thin, a low wave drag is expected. The transition prediction tools were validated by flight tests on an F-15, but at chord Reynolds numbers considerably smaller than will be experienced by the Aerion aircraft.   

In Europe, the renewal of interest on laminar flow technology, in particular on NLF, is illustrated by several projects funded by the European Commission. Transonic problems are investigated within TELFONA (TEsting for Laminar Flow On New Aircraft) and NACRE (New Aircraft Concept REsearch), while supersonic aspects are considered within SUPERTRAC (SUPERsonic TRAnsition Control) and HISAC (environmentally friendly HIgh Speed AirCraft).    
3.3. Major LFC and HLFC experiments

The first attempts to control transition by suction were made through slots parallel to the leading edge, see Joslin (1998) and Braslow (1999) for a detailed history of the early LFC or HLFC experiments. These investigations culminated in the successful X-21 flight tests on a swept wing ( = 30°) equipped with a large number of spanwise suction slots. Approximately 95 percent of the upper surface and 85 percent of the lower surface were slotted. At a chord Reynolds number larger than 40 106, laminarization was nearly complete on the upper surface, whilst the boundary layer was laminar up to 75 percent chord on the lower surface (Whites et al, 1966). Other practical problems, such as leading edge contamination, waviness tolerances, insect impacts, effect of acoustic disturbances were also studied during the X-21 programme, ended in 1965. The issues for laminar flow control by suction on swept wings have been summarized by Pfenninger and Reed (1966).  

Today, perforated strips (rather than spanwise suction slots) are preferably used, because they represent a closer approach to ideal continuous suction; in addition their tolerance to off-design conditions is better.

In 1980, NASA launched the LEFT (Leading Edge Flight Test) programme as a flight validation of the LFC systems. This was the first attempt to use suction under flight conditions since the X-21 programme. The right wing of a JetStar aircraft was equipped with a perforated titanium sheet from just below the attachment line back to the front spar. The suction distribution was distributed over 15 independent channels. The tests were conducted in transonic flow at 30° angle of sweep. With adequate suction distribution, laminarity could be maintained over the entire sucked region. Measurements to characterize the boundary layer state were made only on the perforated surface, so it is not known how far the transition was delayed. Details were provided by Wagner et al (1988), Maddalon et al (1990).
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	Boeing 757 aircraft with HLFC test section
	Laminar flow extent as indicated by hot films

M0 = 0.82, altitude: 38 600 ft, CL = 0.48

	Figure 3.4- HLFC experiments on Boeing 757 aircraft (from Collier, 1993; Joslin, 1998)


A Boeing 757 aircraft was used as support for more ambitious flight testing, prepared by wind tunnel studies from 1987 to 1991. A perforated titanium sheet covered the leading edge of the left wing over a span of about 6 meters, see left hand side of figure 3.4. Farther downstream, the pressure distribution was optimized to conserve laminarity up to the shock. In the course of 150 hours of testing, parametric analyses were carried out by Mach number, unit Reynolds number and angle of attack, in and around cruising conditions (Mach number 0.8, chord Reynolds number of 30 106). Transition was delayed beyond 65% of the chord, as illustrated in the right hand side of figure 3.4. This led to an estimated total drag reduction of 6% (Collier, 1993). 
In France, Dassault Aviation performed HLFC flight tests on the inboard right wing of a Falcon 50 aircraft (1987-1990). The objective was to demonstrate the possibility of obtaining a laminar flow on a wing with high sweep angle ( around 30°) for flight Reynolds numbers up to 20 106. The perforated glove extended up to about 10% of the chord and was faired to the existing wing with an epoxy resin fairing. In addition a TKS anti-icing system was integrated into the design and performed the additional task of insect contamination avoidance. Flight without Gaster bump confirmed that the entire inboard portion of the wing was contaminated by the turbulent boundary layer developing along the fuselage. With a Gaster bump installed on the leading edge 300 mm from the root, suction allowed to maintain laminar flow up to (at least) 30% chord.

A second series of flight tests was conducted by Dassault Aviation on both wings of a Falcon 900 aircraft (1994-1996). The principle was similar to what was used in the experiments on the Falcon 50. The flight experiments fully validated the suction/de-icing compromise on the leading edge. After its certification, the Falcon 900 FLAM (Falcon LAMinaire) has been in operation at Dassault Falcon Service for two years and provided the data needed to validate laminarity at operational level (Arnal and Bulgubure, 1996). 

As mentioned before, wind tunnel experiments were carried out on a large scale HLFC model in the framework of the European ELFIN project. A VFW-614 wing capable of leading edge suction was tested in 1992 in the S1MA facility (Modane-Avrieux ONERA centre). It had a span of 4.7 m and a mean chord of 1.58 m. The perforated leading edge was about 0.95 m in span and covered about 15% of the chord on both the upper and lower surface. Infrared measurements showed a clear downstream movement of the transition front with increasing suction. Laminar flow was achieved to 50 percent chord on the upper surface and to 30 percent chord on the lower surface (Ledy et al, 1993).  
In 1987, Airbus Industry initiated a HLFC programme in close collaboration with ONERA and DLR. The vertical fin of the A 320 aircraft was chosen as the candidate for the evaluation of the feasibility of HFLC, as shown in figure 3.5. The suction system had nine suction chambers in the nose box before the front spar: five small chambers in the leading edge and two large ones on each side extending from 2 to 18 percent chord. A ½-scale fin model was tested in the ONERA S1MA facility. Flight experiments conducted in the second half of 1998 showed a large extent of laminar flow in cruise conditions (Henke, 1999, Schmitt and Archambaud, 2000).
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	Figure 3.5- HFLC flight experiments on a A320 fin

	Figure 3.6- LFC flight experiments on a F16-XL

aircraft (ship 2) 



	


The friction drag associated with modern, turbofan nacelles may be as large as 4 to 5 percent of the total aircraft drag for a typical commercial transport, so that potential specific fuel consumption reductions on the order of 1 to 1.5 percent for laminar nacelles can be expected (Collier, 1993). Therefore wind tunnel and flight experiments have been carried out on nacelles designed to achieve extended laminar flows. In the United States, a production GEAE CF6-50C2 engine nacelle was modified to incorporate two HLFC panels and installed on an Airbus A300/B2 aircraft. The flight tests resulted in laminar flow to 43 percent of the nacelle length. In addition significant laminar flow was also achieved without suction (1991-1992). Other flight tests were conducted in Europe by DLR, Rolls-Royce and MTU (1992-1993). The test vehicle was the VFW-614 aircraft which has two Rolls-Snecma M 45H turbofans. Three new nacelles were constructed in order to validate the NLF and HLFC concepts. Flight tests demonstrated that the laminar boundary layer flow was achievable over 60 percent of the nacelle length for both concepts.  
Historically, one of the first supersonic LFC experiment was performed in an AEDC wind tunnel by Groth et al. (reported by Pfenninger, 1977) on a flat plate of 1 m chord. Suction was applied through 76 spanwise slots arranged in 8 suction chambers. No attempt was made to detect transition, but measurements of the total drag (sum of the skin friction drag and of the suction drag) demonstrated that this quantity was minimum for a certain optimum suction distribution. At Mach 3 and Mach 3.5, the minimum total drag was substantially lower than the friction drag of a fully turbulent flat plate at the same Mach and Reynolds number. 

Suction effect on the stability of the highly swept wing boundary layer was numerically investigated by Pfenninger and Vemuru (1988) at Mach numbers of 1.56 and 2.52. Control of CF instability around the leading edge required relatively strong suction, but weak suction was sufficient to stabilise TS waves further downstream, partly due to the favourable effect of compressibility mentioned above. Other numerical studies showed that cooling exerts a negligible effect on CF disturbances.
Supersonic LFC flight experiments were conducted by a NASA and U.S. industry team to demonstrate the feasibility of laminar flow in supersonic flight. Two F16-XL aircraft (ship 1 and ship 2) were used as testbeds, see figure 3.6. The delta wings of these aircraft have inboard sweep of 70º and outboard sweep of 50º. In 1990, the first flight tests with a perforated suction glove on the F16-XL ship1 did not show any laminar flow at the design point; however, laminar flow was observed at off-design conditions. During the second series of flight experiments on ship 2 (1996), “significant progress toward accomplishing the goal was achieved (Joslin, 1998)”. In addition to the difficulties linked to the use of a perforated glove in supersonic flow, shocks emanating from the nose and the canopy, as well as waves emanating from beneath the wing, caused a highly 3D flow field which made laminar flow difficult to achieve in the leading edge region.
Numerical investigations related to HLFC in supersonic conditions are currently carried out in the framework of the SUPERTRAC and HISAC European projects. Fundamental experiments were also performed within SUPERTRAC at Mach 2 in the Ludwieg Tube Facility at DLR Göttingen (Schülein, 2008). The model was a swept wing equipped with a suction panel between 5 and 20% chord. Two sweep angles ( = 20 and 30°) and three unit Reynolds numbers (17, 25 and 30 106) were considered, the suction velocity being varied as a free parameter. For  = 20°, the transition Reynolds number increased by approximately 30% at suction velocity of about 0.6 ms-1; for  = 30°, it increased by nearly 300% at suction velocity of about 0.7 ms-1. eN computations are in progress in order to determine if the transition N factor remains constant without and with suction.   
3.4. Lessons learned and technological difficulties

Flight tests and large scale wind tunnel tests demonstrated the feasibility and the efficiency of the NLF, LFC and HLFC concepts. In addition, they provided a huge data base for the validation and the calibration of the transition prediction methods. Schrauf (2001), for instance, evaluated the NCF-NTS strategy by systematic computations for five series of wind tunnel and flight experiments (examples of results are given by Arnal et al, 2008b). As mentioned before, the NEXST-1 experiments allowed calibrating the envelope strategy for supersonic free flight conditions. 
The application of these control techniques, however, present some technological difficulties. The first problem, which is common to 2D and 3D flows, to NLF, LFC and HLFC, is the surface quality. Surface imperfections such as isolated roughness elements, gaps, steps, waviness, can provoke premature transition as soon as their size exceeds some critical threshold. Empirical rules or criteria are available to characterise the effects of these imperfections and to define manufacturing tolerances. These problems are discussed in the Lecture devoted to Attachment line and surface imperfection problems (Arnal et al, 2008c). Joslin (1998) has given a complete overview of the problems linked with insect contamination, ice accumulation and atmospheric particulates.  
On swept wings, simple computations using the eN criterion as well as application of the optimal control theory (Pralits and Hanifi, 2006) indicate that the best efficiency of suction (for a fixed suction mass flow rate) is obtained with strong suction at the critical point, close to the attachment line, and a decreasing suction further downstream. It follows that suction must be applied in a region of strongly accelerated flow. Even if modern manufacturing techniques can produce perforated panels with a surface quality compatible with laminarity, these panels are submitted to pressure gradients varying rapidly in the streamwise direction, so that outflow (blowing) is locally possible. It is then necessary to increase the number of suction chambers and of suction ducts; this increases the technological complexity of the problem, so that much of the HLF technology’s advantage might be obliterated by the weight of additional structures and systems. 

	
[image: image29]

	Figure 3.7- Simplified suction system (from Horstmann et al, 2002)


Therefore a simplified suction system was designed by Airbus-Germany and DLR (Horstmann et al, 2002). It consists of a double skin structure; the outer skin is the wing surface, and the inner skin is connected to the whole inner space of the leading edge box acting as one large suction chamber. Suitable orifices in the inner skin allow imposing the pressure in small chambers between the outer skin and the inner skin (figure 3.7). Although optimized for design conditions, this system shows an acceptable behaviour at off-design conditions. 
From a more fundamental point of view, it is now admitted that suction holes play the role of “negative” micron-sized roughness elements, with an equivalent height increasing when the suction rate increases. Experiments performed in the F2 wind tunnel (Arnal et al, 2000) demonstrated that the initial amplitude of the CF stationary vortices increases with increasing suction. This implies that the stabilizing effect of suction can be reduced through a decrease of NCF at transition.

4. “ Research” methods for laminar flow control
Beside the classical laminar flow control technologies discussed before, other approaches are currently investigated. Five of them are described in this paragraph: micron-sized roughness elements, localized heating, wave cancellation, streamwise streaks and plasma discharges. Micron-sized roughness elements and streamwise streaks can be considered as “passive” techniques in the sense that no energy supply is required; the other are considered as “active”. It is also possible to classify these techniques according to the physical mechanisms by which they act on transition:

· Wave cancellation acts directly on the unstable waves by linear superposition, without modifying the mean flow field;

· Localized heating, streamwise streaks and plasma discharges exert a stabilizing effect through a direct modification of the mean flow field, as it is the case for the “industrial” techniques; 

· Control by micron-sized roughness elements is more sophisticated, because it modifies indirectly the mean flow field by nonlinear interactions with unstable waves.  

4.1. Micron-sized roughness elements

This concept was developed by W.S. Saric and his team at Arizona State University (A.S.U.) and validated by experiments carried out on a swept wing in a subsonic wind tunnel (Saric et al, 1998). It is based on the fact that stationary vortices dominate the transition process when CF instability plays the major role in a low free-stream disturbance environment. These natural stationary vortices (targets) have a spanwise wavelength 1, which can be easily computed from the linear stability theory. The idea is to artificially create other stationary vortices (killers) by using a row of micron-sized roughness elements parallel to the leading edge at a chordwise position corresponding to the critical point, i.e. close to the attachment line. The wavelength 2 of the new vortices corresponds to the spacing between the roughness elements. For particular values of 2 and for particular negative pressure gradients (to be optimised), the artificial vortices interact nonlinearly with the natural vortices and with the mean flow field in such a way that the amplitude of the natural vortices is strongly reduced through the distortion of the mean flow field. If, at the same time, the amplitude of the artificial vortices remains below some critical threshold, transition is delayed. The efficiency of this passive control system was first demonstrated in subsonic wind tunnels at A.S.U. (Saric et al, 1998). More recent investigations extended this work to supersonic conditions (Saric and Reed, 2002, 2003) and to flight conditions (Saric et al, 2008). 
From a theoretical/numerical point of view, it is possible to determine the optimum value of 2 from nonlinear PSE computations. It has been demonstrated that two conditions need to be fulfilled for a successful application of this control system (Arnal et al, 2008a):

- The uncontrolled transition N factor for stationary vortices must be large enough (around 10) in order to be sure that these vortices dominate the transition process. 

- The N factor curves for the killer mode must exhibit a maximum upstream of the natural transition location, with a value around 6. 

When these conditions are fulfilled, nonlinear PSE computations show that increasing the initial amplitude of the killer mode can delay the appearance of the numerical transition; in other words, the beginning of the nonlinear saturation and the point where the computation breaks down move downstream. Another important result is that there are no “good” and “bad” pressure gradients: a given pressure gradient can be convenient or not, depending on the Reynolds number. 

The determination of the roughness height remains a key issue. DNS results by Piot et al (2007) showed that a roughness element of height h equal to 5 or 10% of the boundary layer thickness generates vortices with an initial amplitude around 10-3 Ue. This is the order of magnitude of the most appropriate values of the killer initial amplitude determined from the nonlinear analyses. 

4.2. Localized heating
Transition control is also possible by a localized surface heating (in air). The principle is the following. The wall is heated over a short streamwise distance, and a relaxation region develops downstream of the heating strip. In the relaxation region, the boundary layer temperature close to the wall is larger than the wall temperature, so that the boundary layer “sees” a cold wall. According to the linear stability theory, this leads to a decrease in the unstable disturbance growth rates. 

Wind tunnel experiments confirmed the stabilizing effect of localized surface heating, at least for some configurations (Dovgal et al, 1989, 1990, Fedorov et al, 1991). Figure 4.1 shows experimental results obtained on a 2D flat plate placed in a subsonic wind tunnel (Dovgal et al, 1989). The wall is heated from x = 0 to x = 0.1 m and the wall temperature without heating is 296 K. The figure presents the streamwise evolution of the velocity fluctuations (rms values) measured near the wall without heating and for two cases with heating (Tw = 365 and 381 K). The efficiency of the localized heating is clear. The points on the x-axis correspond to the theoretical transition location predicted by the eN method, the transition N factor being calibrated for the case without heating (Arnal, 1996). It can be seen that the computations are able to reproduce the transition movement, at least qualitatively. Other measurements demonstrated that the best results are obtained when the heated strip is located in the area where the TS waves start to develop (branch I of the neutral curve). If heating is applied downstream of this area, transition moves downstream. 
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	Figure 4.1-

Effect of localized

wall heating

on transition 


As far as 3D flows are concerned, the experiments reported by Dovgal et al (1990) showed that is it very difficult to observe a positive effect of the localized heating when transition is dominated by CF disturbances. Computations using the eN method supported this conclusion (Arnal, 1996). .     
4.3. Wave cancellation

It is also possible to cancel growing linear fluctuations through active control based on wave superposition principle. This requires i) detection of frequencies, orientations and phase angles of the dominant (“natural”) waves and ii) introduction of out-of-phase (“artificial”) disturbances that cancel the initial waves by simple linear superposition.
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	Figure 4.2-
Active control principle


The idea of active transition control has received considerable attention, both numerically and experimentally. To our knowledge, all the experiments on transition active control have been performed on 2D bodies at low speed with transition dominated by TS waves. Two TS waves generators are often used; the first one creates disturbances playing the role of “natural” TS waves; the second one (actuator) is placed some distance downstream and creates “artificial” waves. The frequency, the amplitude and the phase of the latter waves are optimised through an open or closed loop system in order to obtain the best cancelling effect, see Figure 4.2. In the pioneering work of Liepmann and Nosenchuck (1982), the TS waves were generated by periodic heating of a flush-mounted heating strip. A substantial increase of the transition Reynolds number was observed using a feedback loop.

These experiments concentrated on the cancellation of a single-frequency wave. This work was extended by Pupator and Saric (1989) to the case of random, broad-band 2D TS waves. Two vibrating ribbons were used to simulate broad-band natural waves and artificial cancelling disturbances. With an optimum time delay of the feedback signal, the amplitude of the broad-band TS waves was reduced by an order of magnitude. Other successful closed-loop control experiments were carried at ONERA on a flat plate (Pailhas, 2001) and at the Technical University of Berlin on unswept wings (Baumann et al, 2000, Engert and Nitsche, 2008). 
On 3D aircraft wings, this control system could be used for controlling TS dominated transitions. However, the technological complexity of the closed loop system and the high frequency range to be controlled (several kHz in free flight conditions) would make this implementation difficult, if not impossible.

In 2D flows, the wave cancellation concept can also be used by exploiting the results of the receptivity theories. Let us consider a flat plate with a blunt leading edge, placed in a subsonic wind tunnel. A thin 2D roughness element is attached to the surface some distance downstream of the junction between the leading edge and the flat plate. According to the results of the receptivity theories, this set-up generates two series of TS waves, one in the leading edge region (leading edge receptivity) and the other around the roughness element (localised receptivity). A coupling of the different waves initiated by these mechanisms takes place in the vicinity of the roughness. If the disturbance amplitudes are small, the coupling is in the form of linear superposition which gives rise to destructive or constructive interference. This concept of wave cancellation was tested successfully by Kosorygin et al (1995). A destructive interference was observed for a proper choice of roughness height and position. It is clear that this passive control technique is far from practical applications. However, such experiments are of great interest to validate the receptivity theories.

4.4. Streamwise streaks

When a spanwise array of small roughness elements is placed in a 2D laminar boundary layer, streamwise vortices are generated. These vortices mix low momentum and high momentum fluid and eventually lead to the formation of spanwise periodic streamwise streaks (“lift-up effect”). Theoretical studies (Cossu and Brandt, 2004) have shown that the presence of streamwise streaks can reduce the growth rate of the TS waves due to a slight decrease of the spanwise averaged shape factor and to the creation of a spanwise shear. As a consequence, a delay in the onset of transition can be expected.
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	Figure 4.3- Effect of streamwise streaks on transition (Fransson, 2006) 


Fransson et al (2005, 2006) validated the theoretical results by performing experiments in a low speed wind tunnel. As shown in figure 4.3, streaks were generated on a flat plate by an array of cylindrical roughness elements close to the leading edge, and TS waves were artificially created by unsteady suction and blowing through a slot. The streamwise evolution of the rms velocity fluctuations is plotted in the right hand part of the figure, without streaks (red circles) and with streaks (blue symbols). In the absence of streaks, transition occurs at x ≈ 1.1 m. In the presence of streaks, the flow remains laminar. It is obvious that this type of control can be observed for well designed roughness elements only. No effect would be detected for very small elements, but too large elements would promote immediate transition.      
4.5. Plasmas

Quite recently, a few attempts have been made to control laminar-turbulent transition by cold plasma discharges. As the ionic wind generated by the plasma actuator is parallel to the model surface, it is able to modify the boundary layer characteristics and hence to exert an effect on transition.
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	Figure 4.4- DBD discharge principle
	

	
	Figure 4.5- Effect of plasma discharge on transition

(Séraudie, 2008) 


In the experiments performed at ONERA (Séraudie, 2008), the ionic wind was created by a DBD (Dielectric Barrier Discharge). Its maximum intensity was between 3 and 4 ms-1. The actuator consisted of two flat electrodes mounted on each side of a dielectric plate, see figure 4.4. The electrodes were made of very thin self-adhesive copper bands directly stuck on the dielectric. The results plotted in figure 4.5 were obtained on a flat plate with the actuator located at x = 0.15 m; the voltage and the excitation frequency were 18 kVolts and 1400 Hz, respectively. The figure shows the variation of the rms fluctuation intensity measured close to the wall at x = 0.4 m for increasing wind tunnel speed U0. Without control, transition is detected for U0 ≈ 13 ms-1. With control, it is delayed up to U0 ≈ 18 ms-1. Boundary layer measurements revealed that the ionic wind made the velocity profile fuller and thus more stable. However, if the plasma frequency is reduced to 300 Hz, which corresponds to the natural TS waves frequency, transition starts at U0 ≈ 9 ms-1. These experiments demonstrated that, depending on the frequency, plasma discharges can either stabilize the boundary layer flow by reducing the shape factor or accelerate transition by exciting TS waves. A stabilizing effect with a downstream transition movement was previously reported by Grundmann et al (2006). Porter et al (2007), on the contrary, tripped transition using a counter flow plasma actuator. 

5. Conclusion

This paper gave a survey of the techniques which can be used to delay leading edge contamination and laminar-turbulent transition. Concerning the first problem, several techniques are available, either passive (bumps, slots) or active (suction). Experimental investigations allowed estimating the range of application for each of them, with the conclusion that solutions exist for practical problems. 
“Industrial” methods for transition control on aircraft wings are based on the modification of the mean flow field by an optimisation of the pressure gradients or by suction (by cooling also in 2D flows). A large number of wind tunnel and flight experiments have demonstrated the feasibility of NLF, LFC and HFLC in subsonic and transonic conditions. However, because the application of suction technology leads to additional systems, several problems must be resolved before the aircraft industry can guarantee the sustained performance of LFC or HLFC vehicles to the airline customers. NLF is easier to apply but it is restricted to low sweep angles and low Reynolds numbers. Laminar flow control in supersonic condition is still in the infancy but promising results have been obtained.
Laminar flow control by micron-sized roughness elements belongs to a class of methods which can be considered as intermediate between “research” methods and “industrial” methods, in the sense that it has been validated in flight conditions, but at low Reynolds number. Its development was made possible thanks to the progress accomplished during the last ten years for modelling the wave interactions by nonlinear PSE. It can be imagined that CF instability control by micron-sized roughness elements could replace suction around the leading edge and will be followed further downstream by a classical shape optimisation.

The pure “research” approaches (localized heating, wave cancellation, streamwise streaks, plasmas) have been validated for low speed conditions on simple 2D bodies. Their fundamental interest is unquestionable, however they need to be applied to more realistic configurations.  
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