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ABSTRACT 

Modern multirole combat aircraft have to cover a wide scope of performance and maneuverability 
imposing challenging flow-control measures to achieve care-free handling and at the same time t o meet 

range and payload capacities. The longevity of such designs has to be achieved by capability stretching 
not only via equipment modernization but with the same effort by smart aerodynamic enhancers. The 

selection of which is assisted by modern flow simulation tools and sophisticated test-facilities, however 

the design and shaping still is an art when complex flows have to be tamed.  
   Long-range reconnaissance and surveillance tasks materialize into unmanned aircraft of some 

previously unknown design-space. Fragile, high aspect-ratio configurations ï sailplanes only at a first 
glance -, experience some Reynolds-number effects and become efficient only via the integration of high 

performance wing technology.  
   The so called asymmetric war-fare will challenge nowadays surveillance and counter-insurgency 

capabilities with anti-air-systems. Simple missiles, the adaptation of even older combat aircraft or 

militarized civil general aviation ones may force higher speed and agility into these platforms and these 
being combined with some signature challenges.            

   More and more influenced by compromises in between flight-physics and signature, the requirements 
of performance, maneuverability and low RCS-signatures must be fulfilled by a common shaping. This 

may relinquish traditional elements of design in the medium and higher angle -of-attack regime, at sub- 

and transonic speeds. Constraints are imposed on control-systems. Slats, flaps, roll-devices and classical 
yaw-controls together with classical flow-control via vortex-generators are undesirable. Here the flight-

physical properties must be designed into the plan-form, profiles, twist and a continuous blending of 
these. This can be achieved only with a deeper understanding of the flows complex behavior to allow for 

capable and safe designs. Many features of these complex vortex-systems, eventually being combined 
with transonic effects, especially at the borders of the flight -envelopes, are not yet understood to make 

the development a straight forward approach.  

   Very often numerical flow-simulations help to analyze the task at hand properly. However, many 
challenges only can be accessed and solved by high-fidelity physical models and the simulation of 

complex geometries. 
 

 

1 AERODYNAMIC PROPERIT ES AND MEANSFOR HIGH  AGILITY DESIGNS  

Legacy combat aircraft shapes were dominated by high performance and maneuverability (Fig. 1). Quite 

some experience [1-9] was gathered to allow for extreme manoeuvers by very demanding aerodynamic 
measures to obtain certain superiorities. Increasing stealth requirements manifest themselves into mor e 

blended configurations (Fig. 1).  



 
 

 

CEAS 2015 paper 119  Page | 2  
This work is licensed under the Creative Commons Attribution International License (CC BY). Copyright © 2015 by author(s) . 

 

 Most designs can trace their shapes to the findings about vortex-flow-systems [1-4] and their 

exploitation as design features [4 -9]. Often traditional active and passive flow -control devices ranging 
from slats to strakes, from vortex generators to fences and more extended their fligh t-envelope into 

formerly stall and post-stall regimes. Figure 2 gives a coarse overview into a generic agility-, speed-

envelope typical for those aircraft.  
 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 
 
  
 

 
 

 
 

 
 

 

 
 

Figure 3.  Local yaw- and roll-instabilities on a delta-wing-configuration being cure by a  
leading-edge slat device. Cnȁ, Clȁ, Cnȁdyn shown 

 

   Apart from the shaping for drag -reductions of compressible flows, the performance and agility 

requirements translate int o the necessary understanding and proper treatment not only of high lift 

demands and the provision of fast roll -rates but even more so the handling of uncontrolled and controlled 
separation [10] and their ensuing interacting vortex -systems, possibly stochastic unsteady flow 

phenomena e.g. of asymmetric fuselage vortices and dead water flow regions. The successful treatment 
of which is key to sufficient control -power [11]. Preferably of linear character this allows for an aero -

servo-elastic design which can be handled by a safe flight-control-system. It also guarantees for loads-

assessments which may help to reduce the structural weight. As indicated in Figure 2 this imposes the 
need of a wide additional spectrum of aerodynamic and flight -physical knowledge. 

  The in-depth understanding of these flows is vital for the successful design of these configurations. By 
this, well balanced, supportive interactions of attached flow,  controlled flow separation, the interaction of 

vortex-systems, the flight -mechanical properties and performance may be optimized throughout the 
flight -envelope.  

Figure 1. Legacy (left)  F-21, F-4 II, Slat F -4 II, 
Tornado, F-4 Skyray, EF2000, Rafale 

 and modern combat aircraft (right) F -22, F-35, 
generic design, B-2, X-47A, X-47B  

 

Figure 2.  Generic speed-agilityenvelope of 
modern combat aircraft designs 
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References [10, 11] describe the so called high AoA pitch-recovery, whereas the combined control-power 

of all pitch-producing devices has to overcome any pitch-up departures, as well as the combined high 
AoA dynamics of roll- and yaw-instabilities (Cl, Cn), coupled with the relation of the yaw - and roll-inertias, 

the Cnȁdyn, are explained. At high AoA the classical vertical fin designs may loosen the directional stability 

and possibly their corresponding control effectiveness due the wing dead-water flow shielding effects. 
Strong longitudinal vortices even may reverse the fins purpose. Adverse rolling moments caused by 

asymmetric flow separation and the vortex -breakdown phenomenon can make the aircraft uncontroll able. 
A historic example (Fig. 3) shows local roll and yaw-instabilities, which prevented high AoA, high lift 

flight. A leading-edge slat at this compound delta-wing provided the means to stabilize uncontrolled 
asymmetric separation into mostly attached flow accompanied by some smaller longitudinal vortices. 

 

 
2 MODERN COMBAT AIRCRA FT AND THEIR HIGH AO A FLOWS  

Today higher maneuverability, at higher speeds already use separated flows as part of the design (Fig. 1, 
2, 4). Air-combat conditions easily take to trans- and lower supersonics at AoAs only reached at take-off 

and landing in the early days. CFD-methods are used to probe for the trends of flow features to combine 

plan-forms, profiles, controls and flow control devices such as strakes, fences, slats and vortex 
generators at their best.  

   The Eurofighter Typhoon induces a flow-field of very complex interacting vortex system shown in 
Figure 4 and 5. The main contributors to lift are the apex and slat vortices (Fig. 6). At these conditions an 

apex vortex feed is interrupted at the onset of  the leading-edge slat. This vortex axis gradually changes 
direction, rotating towards the free -stream velocity vector, increasing the distance to the wing leading 

edge and elevating the vortex from the surface, thus reducing the pressure footprint on  the wing. Figures 

4 and 5 illustrate the interaction of stable and burst vorti ces above the wing. At first, the slat vortex 
develops along the leading edge in the classical delta wing sense. However, this vortex is  less stable than 

the apex vortex and bursts at relatively low AoA. The upper wing flow is seen to be dominated by the 
apex and slat vortices which are easily identifiable close to the leading edge, but increasingly interacting 

and merging towards the trailing edge. Burst vortices are characterized by  lower levels of vorticity in the 

core. For transonic condition (Fig. 5), a supersonic region in around the wing apex is generated, 
terminating in a shock system, resulting in a positive pressure gradient that promotes the bursting of 

both the apex and slat vortices. 
 

 

 
 

 
 

 
 

 

 
 

 
 

 

   At sideslip the reduced effective sweep on the windward side, promotes the burst ing of the now less 
stable windward vortex, while the somewhat weaker leeward vortices become more stable according to 

  
Figure 4.  Pressure distribution on a combat aircraft at 
maneuvering conditions at Mach 0.40, Ŭ =  24.0o, ȁ =  0o 

 

Figure 5.  Pressure distribution on a combat aircraft at 
maneuvering conditions at Mach 0.85, Ŭ =  24.0o, ȁ =  0o 

 



 
 

 

CEAS 2015 paper 119  Page | 4  
This work is licensed under the Creative Commons Attribution International License (CC BY). Copyright © 2015 by author(s) . 

 

their increased effective sweep. Depending on their relative strength the corresponding rolling moment 

can switch from stable to unstable within a few degrees of AoA. However, this effect may be very 
sensitive due to other imbedded effects described now. 

 

 
 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 
 

 

 
 

 
 

 

   The interaction of the two main wing vortices increases up to a point downstream where they cannot 
longer be distinguished from another and merge into a large, chaotic, still rotati ng, low-energy wing wake 

(Fig. 6). It appears that the apex vortex burst  process is accelerated by this outboard flow-interaction. 
The direct impact of this interaction on the integral coefficients is however limited since the apex vortex 

footprint on the wing is small this far downstream. At the wing tip, a classical tip vort ex is generated only 

to be quickly drawn into the remnants of the slat vortex.  
  Other, smaller, vortices are active on the upper flow -field, also identified in Figure 6. While a loaded 

canard forms tip vortices in addition to the canard wake at large AoA these features quickly ascend above 
the fuselage and do not appear to strongly interact with other vortices of importance. They are however 

located close to the fin and have an effect on the local flow in this region, especially at sideslip condition 
by reducing the fins stabilizing effects.  

  The so called fuselage strake vortex (Fig. 6) is known to significantly affect the AoA behavior of the 

configuration at hand. Different to the canard vortex, this vortex does not elevate from the fuselage. 
Instead, t his vortex remains almost parallel to the fuselage axis. Somewhat downstream from the strake, 

its vortex merges with the two inlet vortices, stemming from the intake ramp and the inlet side. This 
combined vortex-system appears to remain stable for the sign ificant part of the upper flow -field and 

interacts with the fuselage side and the fin. Furthermore it interacts with the apex -vortex. Figure 7 gives 

an impression of the good quality achievable by modern simulation tools as used here [ 12-16].  
 

 
 

 
 

 
 

Figure 6. Combat aircraft modified for safe high AoA-
flight by the introduction of  

 triangular fuselage- and apex-strakes. 

 

Figure 7. Lift and pitching moment at Mach = 0.85 in a 
partially trimmed condition (Canard = -20o, Slat -20o) 
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3 DESIGNING CONTROLLED  VORTEX FLOWS FOR HIG H AGILITY COMBAT AIR CRAFT  

   By design, the current standard Eurofighter Typhoon operates within a safe AoA range providing a 
certain agility level. To increase its agility even further lateral instabilities relate d to unstable Cl- and Cn-

characteristics at sub- and transonic speeds had to be overcome.  

  After a thorough inspection of the flow structures, by theoretical reasoning an d reference to experiences 
[3-11], CFD-studies and some wind-tunnel-investigations, the addition of wing apex -strakes was 

proposed for transonic improvements just in between th e intake and the wing. The Figures 8 and 9 show 
a comparison of the standard EF-2000-Tyhpoon and the so called EFEM-Typhoon configurations. 

 
 

 

 
 

 
 

 

 
 

 
 

 
 

 

    
 

 
 

 

 
 

 
 

 

 
 

 
 

 
Figure 9. Comparison of subsonic and transonic pressure-distribution in comparison 

on the EFEM and Standard combat aircraft configuration 
 

   The apex-strake creates a small but stable vortex just ahead of the wing. It induces a span -wise side-

wash by which the flow on the inboard wing experiences an increased effective sweep, thereby stabilizing 
the wing vortices up to higher AoA. In a  cascading effect also the slat vortex system becomes more 

stable, delaying the former roll -instability. At tra nsonic speeds the shock-system caused by the inner side 
of the deployed slat is weakened. The former rectangu lar fuselage strake on the cockpit side was 

modified into a delta wing plan-form to enhance the lateral stability at subsonic speed and even higher  

AoA. Now a rather strong and even more so stable vortex gives impetus to the inboard wing flow thereby 

 

Figure 8. Combat aircraft modified for safe high AoA-flight by the introduction of a  
triangular fuselage- and apex strake 
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removing the lateral instabilities almost completely. The comparison of the resulting pressure distributions 

is shown in Figure 9. The EFEM configuration shows a more favorable subsonic behavior, while at 
transonic speeds roll stability is produced. At symmetric flight rolling moment excursions almost vanish. 

   Another possible means to increase the roll stability would have been to change the outboard leading-

edge vortex slat with a sharp leading edge of higher sweep to cure the outboard wing flow by providing 
more stable and stronger controlled vortex flow there. However, this would have resulted in a redesign of 

the slat-system together with some struc tural effort in a wing -redesign. 
   The nowadays standard CFD Navier-Stokes simulations only show the stabilizing effect of the EFEM 

modifications at a satisfying quality level.  For the standard configuration the stability level at lower AoA is 
being under predicted, while being over predicted in the regimes where experiment and flight test 

indicate the unstable effects as also known from flight tests. Although the improvement of the 

aerodynamic means is shown qualitatively, the discrepancy needs to be explained and corrected in future 
more detailed investigations. Final flight test confirmed the concept and increased the Eurofighters 

capabilities significantly. 
   The F-16 XL double-delta aircraft (Fig. 10 ) is available with free -flight pressure measurements [17]. Its 

highly swept front wing panel produces strong and stable vortices, while the outboard panel leading-edge 

sweep is close to vortex breakdown at medium AoA already. The references [18-22] give an overview 
over multiple investigations which have been performed in recent years to check on simulation 

capabilities. 
 

 
 

 

 
 

 
 

 

 
 

 
 

Figure 10. Flow structure around the F -16XL at Mach = 0.242 (left)  and Mach = 0.90 (right) , Ŭ = 19.91 o 

 

   At subsonic speeds the highly swept, forward part of the double -delta wing was expected to produce 

an axial jet-like flow as known from slender delta-wings. However, it developed retarded axial velocity 
distributions in the core, simi lar to a wake-type flow (Fig.  11). This behavior is caused by the leading-

edge inflection shortly after the front end of the leading -edge. Here, the local sweep diminishes and the 
flow close to the vortex core re tards from a jet -like to a wake-like pattern. The further feeding of the 

forward vortex from the inner wing wraps around this very co re, stabilizing the "compound" system as to 
be expected from a highly swept wing [3 ]. Only at AoA beyond 20o this vortex starts to burst in the rear 

part of the wing  as indicated in the blue reversed flow areas of Figure 10.  

    The transonic high angle-of-attack case shows an intense interaction of the vortex -systems with 
normal and cross-flow shocks (Fig. 10). The inner, forward win g vortex encounters a shock in the middle 

of the inner wing . Its  associated pressure rise immediately leads to a massive flow reversal in the core 
leading to vortex break down, being accompanied by other small pockets of reversed flow on the outer 

wing. Also cross-flow shocks can be discerned underneath the primary front wing vortex.  
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Figure 11. Axial-velocity cross-sections on the F-16 XL at Mach = 0.242 and Mach = 0.9, Ŭ = 19.91o 

 
   At sideslip conditions the outboard wing panel, being of 50 o leading-edge sweep only, shows vortex 

breakdown already at Ŭ = 19.91o on the wind-ward side because of its reduced effective sweep. The 
advancing wing produces a stronger vortex breakdown effect on the advancing outer wing, while the 

retarding side shows a stable, not broken down but somewhat weaker vortex -system. Both lee-ward and 

wind-ward time-averaged pressure distribution results on the outer wing -panel agree well with the port 
and starboard flight -test sideslip conditions (Fig. 12); more deta ils of which can be found in [22 ]. The 

results shown here were performed via a SAS-turbulence model, apparently necessary to account for the 
more correct simulation of the unsteady effects of breakdown and mutual vortex -flow interaction.  

 

 
 

 
 

 
 

 

 
 

 
 

 

   The results show the current CFD-capabilities for configurations which produce flow quite different from 
many slender wing research shapes. Obviously the interaction of separation and vortex-flows is less 

entangled than for the more intense highly coupled effects of multiple vortex -systems on wings of only 
medium sweep in between 40o - 60o as on the canard, delta wing configuration  

    In the future, t he complexity of these compound, highly interacting flow systems such as the retarded 

axial velocity field on the inner wing vortex should be inspected for its influence of vortex stability and the 
sensitivity of vortex -breakdown also under the interference of compressible effects for future applications 

elsewhere. 
 

 

Figure 12. Experimental and computational averaged SAS pressure-distribution on the F -16 XL wing  

at Mach = 0.242, Ŭ = 19.91o, ȁ = 5o 

 
 

leeward windward 
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4 MODERATELY SWEPT & R OUND EDGED WINGS AT HIGH AOA  

Wings of medium leading-edge sweep still hold some problems also for the vortex breakdown behavio r at 
flight Reynolds-number and the associated longitudinal and even more important lateral stability and 

controllability issues.  The influence of changing leading-edge radii on more complex wings still is subject 

to trial and error design and came under closer scrutiny only recently  in some NATO STO-AVT-topics [23-
30]  to be discussed in a following chapter. Furthermore the effect of optimized leading -edge devices such 

as slats, strakes etc. has not been probed in detail. Double-deltas and other compound shapes add more 
to these "secrets" to be lifted to become true de sign elements even during the preliminary design. 

 

             
 

    

 
 

 
 

 

 
 

 
 

 
 

 

 
 

 
 

 

 
 

   The past saw quite some investigations into the properties of separated vortex -flows from highly swept 
(65o and above) configurations. Usually sharp leading-edge configurations have been tested together 

 

Figure 13.  Vortex-breakdown positions on 
delta wings of various leading-edge sweep [4]  

Figure 14.  Vortex-flow development at  
delta wings of sharp and round leading-edges [43]  

 
 

Figure 15. Reynolds- and Mach-number effects on 
vortex development versus AoA [43] 

Figure 16. Flow structure of a 65 o leading-edge 
swept delta wing with round leading -edges [40-41]  
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with plan-form variations. Double-deltas and some delta-canards were probed for vortex interaction at 

medium and high AoA, however, often only at subsonic speeds. By and large their flow-physics are 
understood and the simulation by high fidelity numerical method  predicts them correctly [31-34]. 

   However, the flow around configurations of lesser sweep (45o ï 60o) still needs quite some clarifying 

experimental and simulation investigations. Figure 13 shows that the vortex -breakdown of t hese wings is 
hardly recorded [3] properly since the development of the vortices and their breakdown may appear 

almost simultaneously in the rear half of those wings . With rounded leading-edges [35-37] the problem 
becomes even more compound since the onset of vortices becomes of complex interaction of Reynolds-

number and Mach-number conditions (Fig. 14, 15).  Figure 16  gives an impression of the part-span 
vortex onset and with the so -called displacement vortex [32, 33].  

   Increasing Reynolds-numbers delay the onset of vortices on rounded edges, while higher Mach-

numbers provoke an earlier development of vortex systems. Also the basic independence of Reynolds-
number of vortex breakdown has been confirmed more than once [4, 5, 10, 37]. The recent  STO-AVT-

183 [38]  dedicated to the ñonset and progression of flow separationò on a blunt leading-edge wing of 
moderate sweep  is only a first step to further probe into the intertwining effects , notwithstanding 

transonic and high Reynolds-number effects. At a first glance the separation of highly and moderately 

swept wings appears to be very similar, while their developed vortices are quite different in their local 
flow profiles. The highly swept type shows a more jet -like axial velocity profile [2 ],  the moderately swept 

resemble a wake-type pattern. Figure 17  gives some first idea of the flow -structure which is under 
investigation. 

 
 

 

 
       

 
 

       

 
 

 
 

 
Figure 17. Moderately and highly swept wing with rounded leading -edges with surface pressure  

and skin-friction-distribution at Mach =0.15, Ŭ = 12o, Re = 3*10 6 

 
   Given that most modern combat aircraft wings (Fig. 1 ) are of the moderately swept type with round 

leading-edges and some devices such as slats this status is somewhat astonishing.  Only recently 
moderately swept wings with more realistic rounded edges came into focus of researchers. The 

aerodynamic designer ï asked to provide performance, stability & control on real aircraft  often is left 
alone when it comes to tackle and eventually use the vortex and boundary -layer interactions easily to be 

handled by a flight-control-system; usually without access to experimental capabilities - often late in the 

design and development process ï and then at no cost.  
   To provide affordable, high performance for superior products the knowhow of high agility design 

through the sharpening of high fidelity physical modelling techniques and their experimental validation 
under realistic conditions is mandatory. It is the only economic way to reduce design risk s for design to 

cost approaches.  
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   Since modern military requirement s may result in very specific mission aircraft with very high aspect 

ratio wings, the paper will now make a short excursion into some of the ir special aerodynamic problems. 
 

 

5 HIGH ASPECT RATIO WI NG CONFIGURATIONS  

Special requirements into long-range reconnaissance and surveillance tasks materialized into unmanned 

aircraft of previously unknown design-space (Fig. 18). Sailplane-like only at a first glance ï high aspect-
ratio configurations experience quite some shape-changing effects due to their struc tural flexibility. E.g. 

wing-bending may result in dihedral effects interfering with lateral dynamics, while the wide span makes 
the vehicle prone to notorious deep spin. The required long loiter -capabilities (eventually 24+ hours) 

become efficient only via the integration of low speed, high performance wings with the highest 

maximum lift potential at very low drag conditions.  
  Hereby front-loading profiles may be preferred to ease trim -drag reduction efforts. Not only high, but 

good, reliable maximum lift  predictions are essential here to avoid dangerous large-scale stall reactions 
(Fig. 19). Well-shaped wing-fuselage fairings, together with proper engine integrations are essential to 

keep additional interference-drag effects at bay. Figure 20 shows trials with a fuselage vortex generator 

to reduce wing-fuselage junction flow separation effects.  
 

 
 

 
 

 

 
 

 
 
 

 
 

 
 

 

 

 
 

 

 
 

 
 

 
 

 

 
 

 
 

 

 

  
Figure 20. Vortex generator study to reduce 

separation 
Figure 21. Reduction of vertical tail efficiency at  

high sideslip conditions 

 

Figure 18. Surveillance aircraft configurations 
flow field pattern at Mach 0.28, Re = 3.0*10 6 

 

Figure 19. Surveillance A/C wing at high lift 
conditions, and separation pattern  

 

 


