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Abstract

This paper presents computational fluid dynamics (CFD) results of the transitional flow field around a transonic

transport aircraft wing. The framework for the analyses is formed by the german LuFo VI-1 project CATeW

(Coupled Aerodynamic Technologies for Aircraft Wings), where benefits of the technology coupling between a

hybrid laminar flow control (HLFC) system and a variable camber (VC) wing on aerodynamic drag is assessed.

The computational fluid dynamics framework for the modelling of both technologies is presented in the paper,

followed by CFD results considering a variation in both suction strength and deflection angle of an Adaptive

Dropped Hinge Flap (ADHF), the latter integrating the VC capability to the aircraft wing. Transition prediction is

performed following two strategies; on the one hand, the γ−Reθ +CF turbulence model is applied, predicting an

overall drag reduction with suitable suction and deflection angle settings reflecting the downstream shift of the

transition location with increasing suction strength. On the other hand, linear stability theory with a two-N-factor

integration strategy for transition prediction is applied. This allows for a quantitative assessment of targeted

synergy effects between the coupled HLFC and VC application, namely suppression of Tollmien-Schlichting

instabilities through a favorable adaptation of the wing’s surface pressure distribution downstream of the HLFC

suction panel. A reduction in N-factors is reflected for adapted deflection angles of the ADHF, indicating the

synergy potential of the presented HLFC-VC coupling. As a last step, predicted transition location of both

methods are compared, showing accordance in predicting transition in direct vicinity of the wing’s leading edge

for large sections of the wing’s span for the no suction case. Generally, the transition location of the two-N-

factor method lies upstream with respect to the location of the γ −Reθ +CF model. Differences arise in the

outboard section of the wing’s suction side, where the two-N-factor method predicts a change in transition

mechanism to critical amplification of Tollmien-Schlichting waves for the chosen critical N-factors.
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1. Introduction

Fuel efficiency is a driving factor during development of next generation transport aircraft. Not only

does this provide for performance and thus economic benefits, but major advances in fuel efficiency

are necessary to cope with environmental requirements, formulated for instance by the ACARE in

their Flightpath 2050 report [1].

Different aerodynamic drag reduction techniques have been intensively investigated in the past, from

which two of the most promising candidates are hybrid laminar flow control (HLFC) and variable

camber (VC) systems. On an individual basis the potential for drag reduction has been assessed,

regarding HLFC for instance in Ref. [2] or Ref. [3] and VC in Ref. [4] and Ref. [5]. Their coupled

application, however, is still an open research question and might offer even higher potential for drag

reduction due to synergy effects, as indicated in Fig. 1 and Sec. 2..

Investigating the potential for drag reduction and aerodynamic interaction effects between a coupled

HLFC-VC application motivated the LuFo VI-1 project CATeW (Coupled Aerodynamic Technologies
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Figure 1 – Schematic representation of individual HLFC and VC integration and synergetic overlap.

for Aircraft Wings), which forms the framework for the contribution at hand.

CATeW is a joint project between the Institute of Aerospace Systems (ILR) of RWTH Aachen Univer-

sity and the Chair of Aerodynamics and Fluid Mechanics (AER) of the Technical University of Munich.

To gain detailed insight into aerodynamic interaction effects when simultaneously operating both sys-

tems on a transonic transport aircraft wing, high-fidelity (HiFi) analyses by means of computational

fluid dynamics (CFD) are performed at AER within the scope of CATeW, while an assessment on

system level is achieved using the overall aircraft design (OAD) toolchain MICADO [6, 7] at ILR. Fur-

thermore, incorporation of HiFi-analyses’ results into MICADO by means of reduced order models is

intended.

The scope of this contribution lies on the presentation of the HiFi-CFD toolchain for transitional flow

modelling of the technology coupling, alongside results applying the γ−Reθ +CF transition turbulence

model and the linear stability theory based two-N-factor strategy for transition prediction for the wing

flow of the project’s reference configuration CATeW-02. This allows for a comparison between both

transition prediction modelling approaches, while the linear stability analyses provide further insight

into the different critical transition mechanisms and synergy effects of VC application with regard to

suppressing boundary layer transition. The paper is organized as follows:

Sec. 2. : Introduction to fundamentals considering laminar-turbulent boundary layer transition,

alongside an introduction to the expected benefits of a combined HLFC and VC application

Sec. 3.: Presentation of the applied CFD framework:

– Geometry of the reference configuration’s wing, derived for turbulent boundary layer flow

– Modelling approach implemented in the course of CATeW for HLFC and VC in the CFD

context

– Methodologies for transition prediction applied within this contribution

Sec. 4.: Results for the reference configuration CATeW-02

Sec. 5.: Conclusions and outlook

A complementary conference contribution focusing on the LowFi side of the project, including latest

developments in MICADO for modelling of the technology coupling and results for the reference

configuration is presented by Effing et. al in Ref. [8].
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2. Fundamentals

This section provides a short overview regarding primary mechanisms for boundary layer transition

on swept, tapered aircraft wings. Furthermore, HLFC as a tool to delay boundary layer transition and

its coupling effects with VC are briefly discussed.

Boundary Layer Transition

Boundary layer transition is affected by multiple parameters, with the most dominant being the

Reynolds number, surface roughness, turbulence intensity and the external flow’s pressure distri-

bution. For an exhaustive overview the reader may refer to Ref. [9]

Considering tapered, swept aircraft wings three primary instability mechanisms are of central inter-

est, namely transition due to Tollmien-Schlichting instabilities (TSI), cross-flow instabilities (CFI) and

attachment line transition (ALT). A sketch representing the predominant areas of occurrence on an

aircraft wing is shown in Fig. 2. Transition due to TSI is the main transition mechanism in two-
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Figure 2 – Primary instability mechanisms on a swept aircraft wing, alongside a visualization of the

three-dimensional boundary layer development (adapted from Refs. [10, 11]). The sub-

script e denotes a cartesian coordinate system aligned with its x-direction along the invis-

cid streamline at the boundary layer’s edge, z points in wall normal direction and y in the

corresponding cross-flow direction.

dimensional flows, thus typically triggering boundary layer transition on unswept or slightly swept

wings (ϕ ≤ 25◦). For higher sweep angles, provided neither ALT or CFI mechanisms trigger transi-

tion, the critical region for transition due to TSI is typically located mid-chord, downstream of the point

of minimum pressure. An effective mean of stabilization for Tollmien-Schlichting waves is assuring a

proverse (negative) pressure gradient along the flow direction [6].

The main transition mechanism for wings with leading edge sweep angles ϕ > 25◦ is represented by

CFI. This type of instability is mainly found in direct vicinity of the wing’s leading edge, where strong

pressure gradients perpendicular to the streamlines lead to the development of a cross-flow velocity

profile throughout the boundary layer (Fig. 2, right). Due to the cross-flow velocity being zero both

at the wall and the edge of the boundary layer (Fig. 2, subscript e), the cross-flow velocity profile

features an inflection point, which inherently presents a sufficient condition for (inviscid) instability

[9, 12].

The third critical transition mechanism is the attachment line transition (ALT). This transition mech-

anism causes the boundary layer around a wing to be entirely turbulent, and is typically caused by

so-called leading edge contamination (LEC). LEC arises through the propagation of disturbances

from the turbulent boundary layer of the fuselage along the wing’s leading edge. Apart from that,

the attachment line is susceptible itself to instabilities causing transition. A criterion based on the

attachment-line momentum-thickness Reynolds number Reθ ,AL < Reθ ,AL,crit formulated by Pfenninger

[13] and experimentally confirmed by Poll [14] is usually applied to evaluate the occurrence of ALT

[6, 9].
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Hybrid Laminar Flow Control and Variable Camber Technology

HLFC primarily aims at delaying boundary layer transition through the above presented mechanisms,

thus reducing the wing’s skin friction drag CD, f by maintaining extended areas of laminar flow. Con-

sidering an aircraft wing, the term "hybrid" thereby stems from the combination of an active boundary

layer suction system (LFC, laminar flow control) in the wing’s leading edge region, coupled with pas-

sive means of natural laminar flow (NLF) in the wing mid chord region. While in the case of highly

swept aircraft wings active boundary layer suction is necessary to suppress transition due to CFI and

possibly ALT, an appropriate choice of airfoil and wing geometry as a mean of NLF typically suffices

to suppress transition due to TSI. This is related to a favorable shaping of the wing streamwise sur-

face pressure distribution and especially its gradient (∂ p/∂x < 0) stabilizing laminar boundary layers

in terms of TSI [6, 9].

Considering a transport aircraft, airfoil and wing geometry are optimized for a specific design point,

namely the design lift coefficient CL. However, a typical transport aircraft’s mission is characterized

by large sections of the aircraft flying in off-design conditions, due to air traffic restrictions prohibiting

a continuous climb pattern with constant lift coefficient [15]. The typically resulting step climb pro-

cedure and associated off-design mission segments in return mean, geometry adaptation through

VC integration not only presenting a possibility to improve lift-to-drag ratio for off-design mission seg-

ments, but at the same time acting as an enabler to optimize the NLF component of the HLFC system

through adaptation of the surface pressure distribution for the latter segments.

3. Computational Fluid Dynamics Framework

The CFD simulations presented within this paper are performed with the DLR TAU Code [16]. The

TAU Code is an unstructured, three-dimensional finite volume solver incorporating an edge-based

dual-cell approach. For the computations in this publication, a second order central scheme is applied

for discretization of inviscid fluxes and viscous terms. As the observed cases are steady, an implicit

local time stepping technique is applied in all computations.

An overview of the reference wing CATeW-02 is presented in Sec. 3.1, along with an overview of the

computational mesh applied for the analyses. A brief summary of techniques applied for HLFC and

VC modelling in the CFD context is given in Sec. 3.2, followed by an introduction of different transition

prediction techniques applied in the context of this paper, see Sec. 3.3.

3.1 Reference Geometry and Computational Grid

The wing geometry investigated within this paper is extracted from the project’s reference configura-

tion CATeW-02. The reference configuration CATeW-02 is based on the AVACON research baseline

2028 [17] and has been derived at ILR, encompassing a mid-range mission with fully turbulent wing

flow. In comparison to the reference CATeW-01, as presented in Ref. [18], CATeW-02 presents an

updated geometry iteration incorporating a different root airfoil (A1, Fig. 3). A planform view, key

geometric and mission figures and an indication of HLFC and VC integration is given in Tab. 1 and

Fig. 3. As presented in Fig. 3, VC integration is foreseen by deflections of an Adaptive Dropped

Hinge Flap (ADHF) [19, 20], thus utilizing its multi-functional character beyond the primary purpose

of a high-lift system.

Computational grids for CATeW-02 are generated using the commercial grid generator CENTAUR by

CentaurSoft. Grids are generated in an unstructured manner, where the boundary layer is resolved

by a prismatic layer with a stack height of 60 and an expansion ratio of 1.1. The dimensionless wall

distance satisfies y+ < 1.0 on all wall-boundaries, the wing contour is resolved with approximately 200

grid points in streamwise direction. The grids are generated following the studies and best practice

guidelines for application of transition turbulence models presented in Ref. [21]. The resulting grid

after performing an independence study consists of approximately 55 · 106 elements, an overview is

given in Fig. 4.
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Table 1 – Main mission and geometrical pa-

rameters of the reference configu-

ration CATeW-01.

Mission Parameters

Design range RD 4600 NM

Cruise Mach number Macr 0.83

Initial cruise altitude ICA 35000 ft

Cruise CL 0.5 ± 0.05

Geometrical Parameters

Wing reference area Sref 220.2 m2

Wing span b 52 m

Mean aerodynamic chord cref 5.29 m

Aspect ratio Λ 12.28

LE sweep ϕLE 33.43◦

TE sweep ϕTE 26.01◦

ADHF Parameters IB / OB

Flap limit positions ηF 0.31 / 0.68

Relative chordlength cADHF/cloc 0.3 / 0.3

Relative hinge position xH/cloc 0.747 / 0.708

Relative hinge position zH/cloc -0.097 / -0.112
Figure 3 – CATeW-02 planform with indication

of HLFC suction panel and VC in-

tegration through the ADHF system,

adapted from [18].
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Figure 4 – a) Overview of general grid structure for CATeW-02. b) Cut through the volume mesh at a

spanwise position of η = 0.5.

3.2 Modelling of HLFC and VC

To model the technology coupling in context of CFD simulations, a modular python environment com-

municating mainly via file I/O with the required modules of the DLR TAU code is being implemented

in the course of CATeW. An overview over the different modules and their interdependencies is pre-

sented in Fig. 5.

The BuildWing module forms the main module of the CATeW Python environment. Since geometrical

data from the project partner’s OAD tool MICADO is stored and communicated in a so-called AiX

(Aircraft Exchange) XML file, the BuildWing module generates a parameterized, three-dimensional

wing geometry in terms of associated point clouds alongside python objects containing key geomet-

rical parameters for subsequent modules. These geometry objects can either be passed to CAD

software for generation of three-dimensional geometries for meshing, or as depicted in Fig. 5, to the

subsequent ApplySuctionDist and Deformation modules.

In order to account for suction in the CFD simulations, an effusion mass flux boundary condition im-

plemented for viscous walls within TAU, is applied [22, 23]. A wall-normal velocity is implemented

through node-wise specification of the mass flux j per unit area, according to:

j =
ṁ

A
=Vn ·ρ (1)

Using the parameterized wing geometry of the BuildWing module, the ApplySuctionDist module com-

putes user-defined wall normal velocity distributions Vn in spanwise sections. These velocity distribu-

tions are transferred via radial basis function interpolation onto the unstructured CFD surface mesh.

In the context of HLFC application, the suction strength is typically determined in terms of the suction

coefficient Cq [6]:

Cq =
Vn

U∞

=
j

ρ ·U∞

, (2)

which couples the node-wise prescription of wall-normal velocity Vn through the effusion mass-flux

j to the local density ρ. Since the node-wise density ρ depends on the converged flow solution,

a matching algorithm (see Fig. 5) is implemented within the ApplySuctionDist module, iteratively

updating the prescribed effusion mass flux j with the converged density distribution to match the

prescribed wall normal velocity Vn.

VC integration to the reference wing CATeW-02 is performed via the Deformation module. Again using

the parameterized wing geometry of the BuildWing module, deflection fields according to the ADHF

kinematic are computed. The ADHF kinematic features a Fowler-motion of the flap, accompanied
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Figure 5 – Python environment implemented for simulation of the HLFC-VC technology coupling in

CFD-computations.

by a spoiler droop to maintain a gap-free surface on the wing’s suction side, see Fig. 3 bottom.

The computed deflection fields are passed to TAU’s mesh deformation routine, which interpolates the

computed deflection fields via radial basis functions onto all grid points of the CFD volume mesh for

an according deformation, see Fig. 5 bottom.
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3.3 Transition Prediction

For transition prediction within this contribution, two different approaches are followed. Both methods

are applicable for transition prediction due to TSI and CFI and are shortly introduced in the following.

Correlation-Based Transition Turbulence Model

A lot of effort is currently directed into the research of transition prediction within unstructured, paral-

lel RANS solvers, within the framework of turbulence modelling. Within this paper, the γ −Reθ +CF

model, as presented in Ref. [24] and implemented within TAU is applied.

The γ −Reθ +CF model is based on the model introduced by Langtry et. al in Ref. [25]. While the

original model is only capable of predicting transition due to two-dimensional effects like TSI, the

model presented by Grabe et. al in Ref. [24] has been extended for the effects of transition due to

three-dimensional effects such as CFI.

The γ −Reθ +CF model is based on the k−ω SST model [26] and solves two additional transport

equations for the intermittency γ and the transition onset momentum thickness Reynolds number

Reθ ,t . For consideration of the cross-flow velocity profile, the helicity Reynolds number ReHe is com-

puted in addition. For transition prediction, ratios depending on both Reynolds numbers are locally

evaluated, which trigger a production term in the intermittency transport equation when reaching a

critical value. The intermittency variable itself represents the flow state in the respective cells, with

values of γ = 1 corresponding to fully turbulent and γ = 0 to laminar flow. To account for either a lami-

nar or turbulent cell state in the computation, coupling to the k−ω SST model is achieved through an

adaptation of the production and dissipation terms in the turbulent kinetic energy transport equation,

primarily suppressing turbulent kinetic energy production in laminar cells. For an exhaustive overview

of correlation based transition-transport models, especially with regard to the herein applied cross-

flow extension, the reader may refer to Refs. [21, 24, 25].

Linear Stability Theory and two-N-factor Method

As a complementary tool for transition prediction, the linear stability theory (LST) solver LILO [27]

with boundary layer profiles computed by COCO [28] is applied within this paper. LILO and COCO

are coupled to TAU within an automated transition prediction module, see Ref. [29].

Within this contribution, COCO is applied along 22 line-in-flight cuts (y = konst.) along the wing’s

span. COCO computes compressible conical laminar boundary layer profiles from cp-distributions

extracted from the RANS solution. Using these boundary layer profiles, LILO performs a linear sta-

bility analysis following a two-N-factor strategy, namely by prescribed frequency/direction integration

for derivation of Tollmien-Schlichting N-factors, and prescribed frequency/wavelength integration for

cross-flow N-factors. Comparison with user-defined critical N-factors NCF,crit and NT S,crit yields the

transition location to be iteratively applied to the RANS solver [6, 23]. For the turbulent part of the

flow, the k−ω SST model [26] is applied in this paper.

Since critical N-factors are typically calibrated using wind-tunnel or flight tests, different critical N-

factors are studied within this contribution. A summary is presented in Tab. 2, the derivation of the

critical N-factors is based on Ref. [23] where N-factor calibrations have been performed with respect

to wind-tunnel measurements of the CRM-NLF wing [30].

Table 2 – Critical N-factors chosen for two-N-factor transition prediction, according to [23].

NCF,crit NT S,crit

Upper limit 6.5 14

Average 6.0 12

Lower Limit 5.5 10
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4. Results

The results presented in this contribution are computed for a cruise Mach number of Macr = 0.83 and

the initial cruise altitude of ICA = 35.000 ft, resulting in a Reynolds number of Recr = 34.2 ·106 based

on the wing’s mean aerodynamic chord of cre f = 5.29 m. The simulations use a target-CL algorithm,

where the angle of attack α is iteratively adapted to match the prescribed cruise lift coefficient of CL =
0.5. The cases presented within this contribution encompass ADHF deflection angles of δADHF = 0◦,2◦

and 4◦ and constant suction coefficients in the range of Cq = [0;−24 ·10−4].

4.1 Correlation-Based Transition Turbulence Model

Using the above presented simulation framework (see Fig. 5), the influence of parameter variations

in Cq and δADHF on the wing’s drag coefficient CD are presented in Fig. 6, with a split into pressure

drag CD,p and friction drag CD, f components following normal and tangential force integration on the

wing surface.

Figure 6 – Drag analysis for variations in ADHF deflection angle δADHF and suction coefficient Cq for

CL = 0.5: a) Wing drag coefficient CD, b) Pressure drag contribution CD,p, c) Friction drag

contribution CD, f , d) Local skin friction coefficient c f for δADHF = 0◦, η = 0.5
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As indicated in Fig. 6, a reduction in CD is achieved when increasing the suction coefficient Cq, while

the lowest overall drag coefficient is observable for an ADHF deflection of δADHF = 2◦.

The drag reduction for the presented parameter range can be attributed to a reduction in pressure

drag components, see Fig. 6 b), where the trend presented in the overall drag coefficient develop-

ment is reflected correspondingly. Pressure drag reduction due to an increase in suction coefficient

C j can be attributed to a reduction in boundary layer thickness, stemming from the effect of suction

itself on the one hand, and the delay in transition increasing the extent of a thinner boundary layer

downstream of the suction panel on the other hand. This secondary effect of drag reduction is further

promoted by suitable ADHF deflections.

Considering the development of the skin friction drag component CD, f , only a small sensitivity to the

parameter variations is observable for the configuration CATeW-02, see Fig. 6 c). The transition loca-

tion is predicted to be successively shifted downstream with increasing suction strength, reaching the

furthest downstream position for Cq = −12 · 10−4, see Fig. 7. The transition location corresponds to

the streamwise limit of the HLFC suction panel for the main part of the wing span, in the spanwise re-

gion of η ≈ 0.85−0.95 laminar flow extends downstream of the suction panel to a maximal chordwise

station of xt/cloc ≈ 0.5 at η = 0.94. With a further increase in suction strength above Cq = −12 ·10−4,

the transition location is not predicted to be significantly shifted further downstream, see Fig 7.

Since the extent of laminar flow predicted for the wing of the configuration CATeW-02 is limited, the

Figure 7 – Transition lines for CL = 0.5, δADHF = 0◦ with increasing magnitude of suction coefficient Cq.

Additionally, pressure coefficient cp contours on the wing’s suction side are visualized.

effect on the wing skin friction coefficient Cd, f is also minor, see Fig. 6. An increase in suction coeffi-

cient initially leads to a slight increase in skin friction drag, connected to higher local c f levels due to

reduced boundary layer thickness, see Fig. 6 d). The minimum level in skin friction drag is achieved

for Cq = 12 ·10−4, corresponding to the combination of maximum downstream shift in transition loca-

tion at the smallest suction strength Cq for the given geometry. A further increase in suction strength

magnitude acts in further increasing Cd, f , since the transition location is not affected anymore.
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4.2 Linear Stability Theory

The development of cross-flow and Tollmien-Schlichting N-factor envelopes for seven spanwise po-

sitions on the wing suction and pressure side are presented in Fig. 8. In addition, the different levels

of critical N-factors, as indicated in Tab. 2, are incorporated to the figure.

Figure 8 – N-factor development for cross-flow (CF) and Tollmien-Schlichting (TS) waves along the

wing span for δADHF = 0◦.

According to the chosen critical N-factors, transition is predicted due to cross-flow instabilities over

the major part of the wing suction side and the entire span of the wing pressure side. Starting from

the wing root, a strong amplification of cross-flow waves (η = 0.18, 0.27) leads to transition in direct

vicinity of the wing’s leading edge. Moving in outboard direction along the wing’s span, the maximum

in cross-flow amplification decreases, successively shifting the transition location downstream to a

maximum chordwise position of xt/cloc = [0.05;0.09] with respect to the different critical N-factors for

the wing pressure side. Considering the wing suction side, cross-flow N-factors fall below all critical

levels between η = 0.85 and η = 0.95, predicting a shift in transition mechanism to critical amplifica-
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tion of Tollmien-Schlichting waves, see also Fig. 10 for an overview of the transition front.

Application of the two-N-factor strategy for transition prediction allows for direct insights into interac-

tion effects between the shaping of the wing surface pressure distribution through VC integration and

the delay of boundary layer transition. N-factor envelopes for ADHF deflection angles of δADHF = 0◦,

2◦ and 4◦ within the ADHF span and corresponding pressure coefficient distributions are presented

in Fig. 9.

Figure 9 – N-factor development for cross-flow (CF) and Tollmien-Schlichting (TS) waves along the

wing span for δADHF = 0◦.

Increasing the ADHF deflection angle δADHF generally leads to a downstream shift in shock location

within the ADHF’s span, aligning the shock front with the wing’s trailing edge. The critical amplification

of cross-flow waves at the wing leading edge is not influenced by altering the ADHF deflection angle,

while generally higher cross-flow amplification rates are observable surpassing x/cloc ≈ 0.3. This be-

haviour is to be expected, since ADHF deflections in general increase the magnitude and chordwise

extent of negative pressure gradient flow, thus underlining the necessity of an active suction system

for supression of cross-flow instabilities.

In contrast, the adaptation in pressure distribution leads to the desired effect on amplification rates of

Tollmien-Schlichting waves, namely a strong reduction in amplitude with increasing ADHF deflection

angle δADHF .

Considering ADHF deflection angles of δADHF = 4◦, subcritical N-factors are achieved for all presented

sections below the highest critical N-factor of NT S,crit = 14. Suppression below the more conservative

critical N-factor of NT S,crit = 12 is achieved at η = 0.45.

ADHF deflection angles of δADHF = 2◦ show a corresponding behaviour; intersection with the critical
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N-factor of NT S,crit = 14 is shifted from x/cloc ≈ 0.22 for the baseline wing to x/cloc ≈ 0.5 for δADHF = 2◦

at η = 0.32. At the remaining spanwise sections N-factors do not surpass NT S,crit = 14, while amplifi-

cation rates stay below NT S,crit = 12 at η = 0.45.

4.3 Comparison of predicted transition locations

As a final analysis, a comparison between the predicted transition locations for the no suction cases

adopting both the turbulence modelling framework and the two-N-factor LST method for representa-

tive spanwise sections is given in Fig. 10.

Figure 10 – Comparison of predicted transition locations at δADHF = 2◦ for representative spanwise

sections on the wing suction (top) and pressure (bottom) sides. The contour shows the

distribution of skin friction coefficient computed via the γ −Reθ +CF transition turbulence

model, along with transition lines predicted via LST with the two-N-factor method accord-

ing to the different critical N-factors from Tab. 2.

As described above, transition in direct vicinity of the wing’s leading edge characterizes the analyses

with the γ −Reθ +CF model. Considering the wing’s suction side, this is in line with the predicted tran-
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sition mechanism by the two-N-factor method up to a spanwise position of η = 0.82 for Ncrit,CF = 6.5
and η = 0.855 for Ncrit,CF = 5.5 and 6.0, where the two-N-factor method predicts a shift in transition

mechanism to critical TS-wave amplification. In the CF amplification region, transition prediction with

the two-N-factor method shows little sensitivity to the chosen critical N-factors, the transition location

is predicted upstream of the γ −Reθ +CF counterpart.

With respect to the wing’s pressure side, transition is attributed to CFI over the entire wing span.

Again, the sensitivity to different critical N-factors is little, due to the high gradient and maximum

value in CF N-factors computed in the wing’s leading edge region, see Fig. 8. A slight downstream

shift in transition lines predicted by the two-N-factor method is observable for η > 0.92, matching the

transition location of its γ −Reθ +CF equivalent best for a critical cross-flow N-factor of Ncrit,CF = 5.5.

As for the wing suction side, the transition position is generally predicted upstream with regard to

the position of the γ −Reθ +CF model. Nevertheless, the differences in predicted transition location

between both methods is smaller on the wing’s pressure side than on the suction side.

As a final remark, the choice of critical N-factors is prone to uncertainty. While recommendations are

given in the literature, calibration is typically performed following experimental results, which are not

available for the present case. In case of cross-flow amplification of the no suction case, the config-

uration CATeW-02 is rather insensitive to the choice of critical N-factors due to the high amplification

rates predicted in the wing’s leading edge region. This is different for amplification rates of Tollmien-

Schlichting waves, where transition location might scatter more markedly with respect to the chosen

critical N-factors. Another uncertainty in critical N-factors might be introduced for the suction cases,

for which further assessments incorporating a broader range of critical N-factors, especially for the

non-zero suction cases, will be performed. LST presents an indispensable complementary tool to the

transition prediction based on the γ −Reθ +CF , providing quantifiable physical insight into the critical

transition mechanisms and opening the opportunity for calibration and to some extent validation of

the γ −Reθ +CF model.

5. Conclusions and Outlook

Within this contribution, computational fluid dynamics (CFD) results of the transitional flow around

a transonic transport aircraft wing incorporating a hybrid laminar flow control (HLFC) system and

variable camber (VC) capability by means of Adaptive Dropped Hinge Flap (ADHF) deflections are

presented. The framework for the analyses is formed by the LuFo VI-1 project CATeW (Coupled

Aerodynamic Technologies for Aircraft Wings), which shall assess synergy effects between the cou-

pled HLFC-VC application with respect to drag reduction.

To conduct the analyses, different implementations for the CFD-framework (DLR TAU Code) have

been performed in the course of the project. These are introduced within the paper, featuring mod-

elling of the HLFC system through an adapted mass-flux boundary condition for application of user-

defined suction velocity surface distributions, and usage of the DLR TAU code’s mesh deformation

capabilities to reflect different ADHF deflection settings.

To include the effects of boundary layer transition to the analyses, the γ −Reθ +CF model is ap-

plied on the one hand, and linear stability theory (LST) coupled to a two-N-factor transition prediction

method on the other hand. Computations applying the γ −Reθ +CF model under variation of both the

HLFC system’s suction strength and the ADHF deflection angle, assess a maximum drag reduction

for a suction strength of Cq =−16 ·10−4 and δADHF = 2◦. The transition location is shifted downstream

with increasing suction strength, nevertheless reaching its largest extent at the downstream limit of

the HLFC suction panel for Cq =−12 ·10−4. A further increase in suction strength is not affecting the

predicted transition location.

To complement the analyses with the γ −Reθ +CF model and gain quantitative physical insight into

dominant transition mechanisms, a first set of analyses applying LST with a two-N-factor transition

prediction method for different critical N-factors is presented in the paper. The computations are

performed for the no suction case, where, as for the γ −Reθ +CF model, transition is predicted im-

mediately at the wing’s leading edge due to strong amplification of cross-flow waves. This behaviour

is observed on the entire pressure side of the wing, the suction side (in the most conservative case

of Ncrit,CF = 5.5) features a region of subcritical cross-flow amplification for η > 0.855, altering the
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transition mechanism to critical amplification of Tollmien-Schlichting instabilities. In case of critical

cross-flow wave amplification, LST shows an upstream shift in predicted transition location when

compared to the γ −Reθ +CF model.

One of the central envisaged synergy effects of the technology coupling is enhancing the natural

laminar flow extent of the HLFC wing using the wing’s VC capability for favorable shaping of the

pressure distribution. Applying the two-N-factor transition prediction method, studies are presented

within this contribution focusing on the amplification rates of Tollmien-Schlichting waves under varying

ADHF deflection angles. Adapting the deflection angle results in a pronounced reduction of Tollmien-

Schlichting wave N-factors, corroborating the potential for synergetic application of the technology

coupling to a transonic transport aircraft wing.
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